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ABSTRACT 


The  incompressible  fluid  flow  around  a cone  at  hypersonic  speed  and 
high  angle  of  attack  is  modelled  by  a parabolic  system  of  nonlinear 
partial  differential  equations  expressing  conservation  of  mass,  momentum, 
and  energy,  and  an  algebraic  equation  of  state.  Typical  flow  variables 
are  functions  of  density,  velocity,  and  energy  with  respect  to  position 
in  a body  centered  coordinate  system.  In  such  a system,  x is  distance 
along  the  cone  generator,  n is  normal  to  the  cone  surface  and  relative 
to  the  shock  stand  off  distance  computed  by  other  means,  and  <!  is  a 
circumferential  coordinate  going  from  0°  at  the  windvrard  side  to  180°  at 
leeward. 


By  stating  the  equation  as  a boundary  value  partial  differential 
system  in  n and  <j>  and  an  initial  value  problem  in  x,  a numerical  march- 
ing technique  in  x from  a point  near  the  cone  tip  onward  along  the  cone 
can  be  used.  An  implicit  formula  is  used  to  insure  a stable  numerical 
process.  A computer  implementation  due  to  Lubard  and  Helliwell  (RDA- 
TR-150,  R&D  Associates,  Santa  Monica,  CA)  is  used  at  AEDC  to  model  be- 
havior of  high  speed,  high  angle  of  attack  cones,  and  requires  large 
amounts  of  computer  time. 


The  most  time  consuming  portion  of  this  code  involves  solving 
block  tridiagonal  systems  of  equations.  The  cost  of  the  block  method 
based  on  tridiagonal  systems  with  scalar  elements  is  proportional  to 
7n  m^/3  where  there  are  n blocks  of  m by  m matrices. 


3 

Profile  Gaussian  elimination  was  found  to  cost  lOn  m /3.  A method 
based  on  iterative  residual  correction  was  found  to  reduce  the  cost  of 
running  certain  problems,  depending  on  what  percentage  of  iterations 
converged.  The  method  was  programmed  with  heuristic  devices  to  deter- 
mine whether  or  not  to  use  residual  correction. 
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INTRODUCTION 


The  incompressible  fluid  flow  around  a cone  at  hypersonic  speed 
and  angle  of  attack  a > 0 is  modelled  by  a parabolic  system  of  non- 
linear partial  differential  equations  expressing  conservation  of 
energy,  mass,  and  momentum,  plus  an  algebraic  equation  of  state. 

Typical  flow  variables  are  functions  of  density,  velocity  and  energy. 

The  asymptotic  (steady-state)  solution  in  three  dimensions  is  sought. 

A suitable  coordinate  system  for  a cone  shaped  object  uses  the  vari- 
ables x,  the  length  from  the  tip  along  the  cone  generator;  n the 
normal  to  the  surface  relative  to  the  bow  shock  stand-off  distance 
(r|  = y/d(x,0)  where  y is  perpendicular  to  x and  d is  the  bow  shock 
stand-off  distance  computed  from  theory);  and  t}>,  the  circumferential 
angle  from  0 = 0°  at  the  windward  side  to  (j>  = 180°  at  Che  leeward 
side,  see  Fig.  1.  Flow  Separation  is  likely  to  occur  at  the  leeward 
side  at  significant  angle  of  attack  a > 0,  and  standard  numerical 
methods  have  proven  inadequate  to  model  this  case,  so  special  computer 
methods  have  been  developed  for  it. 

Beam  and  Warming  (Ref.  1)  have  treated  this  problem  as  a parabolic 
boundary  value  problem  in  0 and  n since  theoretical  results  are  available 
on  the  behavior  of  the  bow  shock,  and  as  an  initial  value  problem  in  x 
which  allows  a marching  type  numerical  solution  to  be  generated  given 
an  initial  condition  away  from  the  point  x = 0.  They  treated  the  more 
general  hyperbolic  system 

3U  3F(U)  5G(U)  3V(U,  3U/3n,  3U/30)  5W(U,  3l’/3n,  3U/30)  . 

3x  3n  30  3r>  30 


Where  U is  the  m-dimensional  state  vector,  F and  U are  given  vector 
functions  of  U,  and  V and  W are  vector  functions  of  U.  Steady  state 
Navier-Stokes  equations  are  a special  case  of  (1).  For  the  purpose  of 
illustration,  let  the  right  hand  side  of  (1)  be  0,  giving  the  equation 
for  inviscid  flow.  A discussion  of  boundary  and  inital  condiitons  can 
be  found  in  (ref.  2).  By  using  a finite  difference  scheme  in  r\  and  0 
for  the  boundary  value  problem,  a one-step  implicit  integration  scheme 
in  x can  be  employed  to  solve  the  initial  value  problem.  For  the 
implementation  of  Lubard  and  Helliwell  (Ref.  2),  central  differences 

i-v) 


' (»<Y  ok_i>  - 2“(v  V - Vi)  o> 

30 ^ A0" 

are  used  with  the  Backward  Euler  implicit  formula 


Stability  considerations  derived  from  considering  the  numerical 
solution  of  an  associated  linearized  system  of  equations  leads  to 
both  lower  and  upper  bounds  on  Ax  as  a function  of  Ah  and  A<j)  (Ref. 
2). 


To  understand  the  implementation,  consider  the  linearized  pro- 
blem for  A = 3F/3U  and  B = 3G/3U  given  as 


3U  4.  A 3U  4.  R 3U  - O 

TC — + A TT—  + B TT  0 
3x  dn  09 


(5) 


Applying  the  trapexoidal  rule  U(x  ) = U(x.)  + ^ I clj  ^xi+1  ^ + oU(x^)  ^ 

11  1 \ 3x  3x  / 

a more  accurate  implicit  scheme  than  Backward  Euler,  and  using  a trun- 
cated Taylor  Series  for  F(U)  and  G(U)  given  by 

Fi+'=  F1  + A1  (U(xi+1)  - U(x.))  + o(Ax2) 

G1+'  = G1  + B1  (U(x.+1)-  U(xt))  + o (Ax2) 
yields  the  system  of  linear  equations 

T , Ax  /3A1  3B1'\]  i+1  f"T  , Ax  / 3A1  SB1  i _ . 3F  3G 

l + t\w  + w)\  u = L1  + rUr  + wAl  Ax3n  + ^;  (6) 


This  large,  sparse  system  can  be  solved  by  methods  such  as  alternating 
direction  implicit  (ADI)  method  of  Douglas  (Ref.  3)  which  solves  only 
the  equation  in  n first,  then  the  equations  in  cf>.  Beam  and  Warming 
introduce  an  error  of  (Ax)3  in  an  approximate  factorization  scheme 
based  on  Peaceman  and  Rachford  (Ref.  4)  by  replacing  (6)  with 


(‘ 


+ 


Ax 

2 


Ax  3B_^\  i+1 
2 39  / 


(‘ 


Ax 

9 


+ o(Ax2) 


Ax  3B1 \ i 

TW)  1 


Since  the  error  introduced  is  of  the  same  order  Ax 
trapezoidal  rule,  stability  is  not  affected.  This 
solved  in  two  levels 


as  the  error  in  the 
equation  can  then  be 


(:  + • 

(‘♦rfr)"’1- 

c1+’  - 


* 

AU  , 

U1  + AU1. 
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This  method  has  several  disadvantages.  If  used  with  a more 
accurate  difference  method,  the  error  introduced  in  the  factor- 
ization will  lower  the  error  order  of  the  method;  however,  if  used 
with  a lower  order  method  such  as  the  Backward  Euler,  good  results 
could  be  expected.  However,  Lubard  and  Helliwell  note  that  the 
difference  in  $ near  ri  = 0 has  a singularity  there,  and  use  instead 
a method  that  uses  the  factorization  (7)  in  n but  solves  for  each 
set  of  solutions  at  each  <J>,  in  sequence  (j>0  = 0°  to  <j>,  = 180°  in 
steps  of  A<£.  This  is  done  iteratively  until  the  computation  converges. 
At  each  <}>k,  the  resulting  system  of  linear  equations  is  an  n by  n 
block  tridiagonal  matrix  of  block  size  m by  m where  i=1 , . . . ,n  for 
r)i  and  m = 6,  the  number  of  states  at  each  point.  The  method  is 
comparable  to  a Gauss-Seidel  iteration  with  each  element  of  the 
solution  replaced  by  a (n*m)2  size  linear  equation. 


OBJECTIVES 


The  method  of  Lubard  and  Helliwell  (Ref.  2)  has  been  programmed 
as  a production  code  and  is  used  at  AEDC  in  several  areas,  including 
turbulent  flow  and  flow  separation  determinations.  The  major  compu- 
tational effort  involves  solving,  for  each  k = 1 , K,  the  tri- 
diagonal system  of  n blocks  of  6 by  6 matrices.  Currently,  a method 
due  to  Isaacson  and  Keller  (Ref.  5)  is  used  based  on  a scalar  tri- 
diagonal factorization  scheme  which  requires  the  inversion  (factor- 
ization) of  only  the  blocks  on  the  diagonal.  The  cost  of  this  block 
tridiagonal  effort  was  computed  in  terms  of  machine  operations  (multi- 
plications and  divisions,  which  use  much  more  execution  time  than  other 
arithmetic  operations)  and  this  cost  was  compared  to  that  of  numerical 
techniques  based  on  existing  technology.  Conditions  under  which  these 
methods  might  perform  faster  than  the  current  method  were  found,  and 
tests  on  several  problems  were  carried  out  to  determine  if  the  pre- 
dicted cost  reductions  were  realized.  For  these  test  cases,  total 
computation  time  on  the  IBM  370/165  was  used  as  the  cost.  Thus,  any 
increase  in  overhead  of  the  proposed  new  method  over  the  original 
method,  which  might  cancel  the  expected  decrease  in  cost,  could  be 
identified. 

The  objective  of  the  research  program  of  Summer,  1978,  was  to  pro- 
vide a production  FORTRAN  code  of  an  improved  block  tridiagonal  linear 
system  solver  that  could  be  used  directly  by  the  Lubard-Helliwell  code 
and  that  regularly  reduces  computation  costs  on  some  production  pro- 
blems, and  otherwise  recognizes  when  no  savings  are  possible  and 
reverts  to  the  original  method. 


BLOCK  TRIDIAGONAL  FACTORIZATION 
Each  of  the  k systems  of  equations 


8^  C„ 

'“d 

2 2 

2 

A3  B3  C3 

AU  = 

d3 

A , B . C , 

d , 

n- 1 n- 1 n- 1 

n-1 

A B 

d 

n n _ 

U a J 
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_ 


(8) 


T*' ‘ • 


is  solved  for  the  update  vector  AU  of  Ui+'  = U1  + AU.  The  current 
solution  algorithm  from  (Ref.  2)  is 


(decomposition) 


B2  " B2 

G2  " B2_1c2 

B.  «-  B.  - A.  G.  . 

ill  1-1 


G. 

1 


(forward 

substitution) 


(back 

substitution) 


>1 


-1 

B.  1 C. 


V1d2 


i*3,4, . . . ,n 


B. 


1 (di  ‘ Ai  Yi-1}  i=3»4’"-’n 


U Y 
n n 

U,  ■*-  Y - G.  Y 
l i l 1+1 


i=n-1  ....  ,2 


Here  G B is  actually  solved  by  performing  LU  decomposition  of 

the  m Jy  m matrix  B^  and  solving  for  each  column  of  G.  using  the  cor- 
responding column  of  C.  as  the  right  hand  side.  It  was  noted  that  the 
code  decomposed  each  B.  twice, once  in  the  decomposition  step  and  again 
in  back  substitution.  The  code  was  reordered  and  subroutine  LEQ  was 
replaced  by  DECOMP  and  SOLVE  (Ref.  6)  which  stores  the  decomposition 
for  reuse.  The  new  code  is 


(decomposition; 

forward 

substitution) 


B„ 


B2 

b'1  c2 
S'1  d2 


(back 

substitution) 


B. 

1 


G. 

l 


Y. 

l 


U, 

i 


- A.  G.  . 

l 1-1 


~-1 

B.  C. 

l l 


Bi  wi-»iYi-,> 


i=2,  3, . . . ,n 


Y.  - G.  Y... 

l l 1+1 


i = n-1 , ... ,2 


I 

ri 
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This  method  requires  8nm  / 3 + 4nm  + o(n)  machine  operations.  An 
improvement  over  this  value  is  sought.  The  reordered  method  requires 
7nm^/3  + 4nm^  operations. 

First,  profile  Gaussian  Elimination  without  pivoting,  which  would 

not  change  the  block  tridiagonal  structure  of  the  matrix  Z,  was  studied. 

In  this  case,  the  cost  can  be  computed  for  each  m rows  of  the  matrix. 

For  the  first  row,  the  multiplier  m^  = a^-j/a-|i  must  be  formed  for  m-1 

rows,  then  each  element  of  the  remaining  t2m-l)  columns  must  be  formed 

as  a^j  = ajj  - a^.  For  the  next  (m-1)  rows,  (m-k)  multipliers 

mik  = aik/,akk*  ^ = 2,...,m  must  be  formed,  and  (2m-k)  values  of  column 

elements  modified.  For  the  next  m rows,  a multiplier  must  be  found 

and  (3m-k+1)  elements  modified.  This  gives  (m-k) (2m-k)  + m(3m-k+1) 

operations  for  each  of  k=1,...,m,  since  on  completion  of  each  block, 

the  next  block  is  of  the  same  form.  See  Fig.  2 for  a diagram  of  the 

reduction.  The  cost  is  thus  .10  3 , ,2..  which  is  twice  the  number 

n(^—  m + o(m  ) ) 

of  operations  used  by  the  block  tridiagonal  scheme,  with  no  expected 
reduction  in  overhead.  It  can  be  concluded  that,  of  all  direct  methods 
for  solving  a block  tridiagonal  system,  the  block  tridiagonal  scheme  is 
nearly  optimal  since  only  the  blocks  on  the  diagonal  must  be  decomposed 
(m3/3  operations)  and,  since  any  decomposition  is  equivalent  to  Gaussian 
Elimination,  o(m^)  operations  are  required.  Thus,  the  7/3  coefficient 
of  the  cost  of  the  reordered  block  tridiagonal  method  is  quite  low. 

As  an  alternative,  an  iterative  method  that  takes  advantage  of  the 
physical  problem  can  be  considered.  Due  to  the  use  of  a finite  difference 
scheme,  the  matrix  Z^  will  vary  slowly  with  x and  with  <p k,  and  thus  a 
previous  decomposition  LU  = can  be  considered  as  a decomposition  of 

Z^  with  a large  error.  This  is*3 the  basis  for  the  method  of  residual 
correction  of  the  system  Ax  = b , where  A has  been  decomposed  as  A = i_U, 
and  y°  is  the  initial  approximation  of  the  solution. 


step  0) 


step  1) 


i f 0 
i o 

y *■  y 

i 


Ay 


step  2)  LU  Av1  = r1  i = 1 ,max 

i+1  i , . i 

step  3)  y = y + Ay 

for  max  = maximum  iterations  allowed.  Of  course,  any  time  ||Ay'*‘|| 
becomes  small,  the  iteration  can  stop.  The  method  is  guaranteed  to 
converge  monotonically  for  any  y , if  | | I-(LU)~*A| | < 1 in  some  norm, 
even  if  LU  was  computed  independently  of  A. 


Since  Z^  is  slowly  varying,  rather  than  using  the  block  tridiagonal 
scheme  for  each  k,  one  can  use  b.  and  G.  from  Z ,p<k.  and  A,  from  the 

11  P K. 

current  Z,  and  use  residual  correction.  This  is  equivalent  to  Z,  = L,  U . 

K K.  K p 
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If  this  does  not  converge, the  Block  Tridiagonal  decomposition  can  be 
updated.  Additional  storage  is  required  for  at  least  the  B., 
computed  in  the  decomposition,  or  an  additional  2nm^  storage  locations 
for  each  decomposition.  If  a full  decomposition  is  stored  for  each 
value  of  <j),  this  becomes  very  large.  However,  since  Z^  also  varies 
slowly  with  <J>  usually  only  one  to  three  decompositions,  evenly  spaced 
between  0°  ana  180°,  need  be  stored.  This  was  verified  experimentally. 
The  algorithm  is 


Step  0) 


find  L U = Z , 

0 0 o 

y «-  (L  U )_1  d , 
' O o o o 


Step  1) 


compute 


k «-  0, 
P *-  0 ; 


k - k + 1 , 


Zk’  dk’ 


Step  2) 


a4  - ak  y _1  ri 


1 , . i 

^ +Ayk 


Step  3) 


| | Av,1 1 | < EPS,  to  to  step  1; 
i < max,  i *■  i + 1 , r1  *•  d^  - Z^  y1, 
go  to  step  2; 


else  set  p -<-k,  L U = Z,  , 
P P k’ 


' <H  V dk- 

go  to  step  1 . 

The  test  for  convergence,  | | Ay | | < EPS,  should  be  a relative  error  test 
due  to  the  different  orders  of  magnitude  of  the  state  vectors.  Since 
the  tridiagonal  system  actually  computes  All,  an  update  to  U,  these  values 
from  the  previous  step  can  be  saved  and  EPS-  = .01  * AU.  has  be  verified 
experimentally  to  be  an  accurate  error  limit. 

Figure  3 is  a structured  flow  chart  of  a subroutine  SOLVED  which 
implements  this  algorithm. 
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The  cost  of  this  algorithm  is  dependent  on  R,  the  fraction  of 
cases  when  the  residual  correction  converges,  and  q,  the  average 
number  of  steps  per  convergent  iteration.  The  cost  of  each  residual 
correction  is  3nm^  plus  calculation  of  the  residual;  for  q <_  2,  this 
can  be  ignored  since  the  initial  residual  is  taken  to  be  d,  the  right 
hand  side,  corresponding  to  a zero  solution.  For  the  improved  method 
to  be  better  than  the  original  method, 

n(Rq3nT  + (1-R)(max  * 3m^  + 7m^/3  + 4 m“)  < 8nm^/3  + 4nm“  (9) 


is  required.  R depends  on  max  and  EPS,  being  larger  for  larger  max  and 
for  larger  EPS.  Experiments  verify  this  and  provided  justification  for 
a method  which  automatically  picks  max  after  a number  of  iterations 
are  sampled. 


NUMERICAL  RESULTS 

A one  dimensional  time-dependent  flow  of  an  inviscid  perfect  gas 
through  a converging-diverging  nozzle  was  programmed  using  the  SOLVEQ 
subroutine  from  the  Lubard-Helliwell  code.  There  are  m=3  dependent  vari- 
ables, and  a spacing  in  the  x dimension  of  51  units  from  0.0  to  1.0  in 
a relative  coordinate  system.  The  minimum  nozzle  diameter  occurs  at 
.26,  where  the  velocity  should  be  1 (Mach  number).  The  example  is 
from  (Ref.  7).  The  problem  was  run  with  the  residual  correction  algo- 
rithm for  200  steps  at  constant  At,  and  the  solutions  with  relative 
error  EPS  = 0.001,  max  = 3,  gave  results  identical  to  the  Lubard- 
Helliwell  answers  to  three  decimal  places.  Data  were  collected  to 
determine  R,  the  fraction  of  residual  correction  steps  that  converged, 
and  q,  the  number  of  steps  per  successful  iteration.  R was  found  to 
be  .995  = 1.,  and  q = 2.63.  Thus,  the  cost  for  residual  correction 
was  dependent  on  qn  * 3 m2  = 3621  , while  the  original  was  dependent  cn 
7n  m3/3  = 3213.  Thus,  it  is  expected  that  execution  time  (8.5  sec)  for 
the  original  method  be  smaller  than  execution  time  (9.9  sec)  for  re- 
sidual correction.  In  fact,  whenever  max  = q >_  5m/9,  no  increase  in 
performance  can  be  expected.  Values  of  max  should  normally  be  at  least 
2,  so  this  case  is  representative. 

However,  this  example  proved  the  accuracy  of  the  basic  residual 
correction  code  imbedded  in  SOLVEQ,  and  also  verified  the  formula  for 
predicting  cost. 

The  actual  Lubard-Helliwell  code  was  tested  on  three  real  problems. 
On  the  first  one,  using  turbulence  and  zero  angle  of  attack,  and  only 
three  values  of  <\>  (0°,  90°,  180°),  various  combinations  of  max  and  EPS 
were  used  to  determine  their  effect  on  R and  q.  These  data  used  to 
implement  a heuristic  to  determine  max  dynamically  during  execution, 
and  to  determine  when  the  residual  correction  method  is  inappropriate. 

For  the  turbulence  case,  one  extra  storage  array  is  needed  for 
and  G^,  i = 1,  ....  n,  to  store  the  previous  decomposition  Up  of  = 

L^  Up.  Each  is  dimensioned  (6,  6,  50)  so  3600extra  single  precision 
storage  elements  are  required.  Since  the  actual  value  of  the  state 
vector  U is  not  passed  to  SOLVEQ,  tl;e  relative  error  is  based  on  the 
[ j AU i ! I go  computed  in  the  previous  step,  and  requires  only  6 storage 
elements  to  keep  the  largest  AU.  computed  in  the  previous  step.  Table  I 
summarizes  the  test  results  as  EPS  and  max  were  varied. 
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TABLE  I 


COST  VS  PARAMETERS  TO  SOLVEQ 


CASE 

EPS 

MAX 

R(X) 

£ 

T (SEC) 

1 

0.001 

3 

31 

2.10 

359 

2 

0.01 

2 

28 

1 .99 

325 

3 

0.001 

2 

22 

1 .99 

340 

4 

0.001 

6 

32 

2.68 

384 

5 

0.01 

3 

33 

2.44 

328 

Comparison  of  the  results  of  the  residual  correction  computation 
with  those  of  the  original  code  showed  agreement  to  five  decimal  places 
and  no  tendency  to  instability,  even  for  EPS  = 0.01.  The  original  method 
ran  597  sec.  On  the  basis  of  this  chart,  a number  of  experiments  were 
made  on  this  problem  and  on  a second  problem  using  19  values  of  $ from 
0°  to  180°  in  increments  of  10°  for  laminar  flow  and  a = 5°.  The 
following  conclusions  were  drawn. 

A 

Only  one  set  B^,  need  be  stored  since  for  small  A<J»,  the  variation 
from  <J>i  to  4>i+l  on  the  same  pass  is  smaller  than  the  variation  from  one 
pass  to  the  next  for  the  same  value  of  <J> . Thus,  only  3600  single  pre- 
cision words  of  extra  space  is  needed.  Setting  max  = (q~|,  the  next 
integer  larger  than  r,  causes  little  decrease  in  R but  can  effectively 
reduce  cost  compared  to  a larger  max.  Also,  a good  estimate  of  R and 
q is  available  after  about  200  systems  are  solved. 

These  results,  together  with  (9),  can  be  implemented  in  a heuristic 
method  to  calculate  max  and  to  cut  off  use  of  the  residual  correction 
method  if  it  will  not  be  cost  effective.  The  method  initialize  max  to 
10,  then  whenever  the  residual  correction  method  converges  max  is  changed 
to  the  largest  of  max  -1,  2,  q;  whenever  it  does  converge  max  is  set 
to  the  smallest  of  max  + 1,  10,  and  q,  where  q is  the  average  number  of 
iterations  in  each  successful  residual  correction  calculation.  If, 
after  200  systems  are  solved,  the  expected  cost  of  residual  correction 
is  more  than  for  the  original  method,  residual  correction  will  no  longer 
be  used.  By  setting  q = max,  the  asymptotic  value  of  max  under  the 
heuristic,  a cost  saving  will  occur  when 

Rq3m2  + (1-R)(q  3m2  + 7m3/3  + 4m2)  < 8m3/3  + 4m2  (10) 

which  reduces  to  (q-m/9)/R  < 7m/9  + 4/3. 

Table  II  gives  the  computation  times  for  the  original  and  improved 
SOLVEQ  for  three  problems;  turbulence  at  a = 0°,  laminar  flow  at  0i  =5°, 
and  a biconic  restart  problem.  In  the  last  two  cases,  residual  correction 
is  shut  off  after  200  systems  are  solved. 


22-11 


TABLE  II 


STATISTICS  FROM 

3 TEST 

RUNS 

R 

q 

t (sec) 

t (sec)-Original  Method 

Turbulence 

0.93 

2.00 

221 

597 

Laminar,  a = 5 

0.76 

4.97 

1478 

1021 

Biconic  Restart 

0.54 

4.55 

1505 

977 

CONCLUSIONS  AND  RECOMMENDATIONS 

It  can  be  concluded  that,  of  all  deterministic  algorithms  for 
solving  a block  tridiagonal  system  of  equations,  the  currently  used 
one  is  of  minimum  order  nm-  and  has  the  lowest  known  coefficient,  7/3. 

It  is  also  now  known  that  an  iterative  method  based  on  residual 
correction  of  an  inexact  decomposition  of  the  matrix  can  sometimes  be 
used  to  find  such  solutions  faster;  the  cases  for  which  this  happens 
can  be  determined  by  gathering  statistics  R and  q early  in  the  run  and 
discontinuing  the  iterative  procedure  if  it  is  found  inappropriate. 

A computer  code  implementing  this  is  being  provided  to  AEDC. 

Further  research  into  techniques  to  reduce  computation  time  is 
recommended.  Areas  that  may  prove  fruitful  are  listed  here.  Changing 
from  finite  differences  to  finite  elements  may  give  greater  accuracy 
in  representing  the  boundary  value  problems  in  n and  0;  proper  number- 
ing of  the  nodes  can  minimize  the  bandwidth  of  the  resulting  linear 
systems.  Multistep  methods  such  as  Backward  Differentiation  Formulas 
(Ref.  8)  may  allow  larger  step  sizes  to  be  taken.  For  a fixed  step 
size  Ax,  a stability  analysis  for  both  minimum  and  maximum  Ax  in  terms 
of  An  and  L<p  must  be  made;  since  this  is  more  complicated  than  for  one 
step  methods,  it  should  be  done  using  computer  assisted  character  manip- 
ulation. However,  there  exists  several  multipurpose  codes  which  change 
both  the  method  order  and  the  step  size  dynamically,  and  implementation 
of  the  model  using  one  of  these  should  be  attempted.  Also,  the  existing 
limits  on  Ax  are  derived  from  a linearized  model.  The  stability  of 
the  actual  nonlinear  system  should  be  investigated  using  computational 
methods  currently  being  developed  by  the  author  and  others. 
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NUMERICAL  INVESTIGATIONS  OF 
NATURAL  CONVECTION  INSIDE  OF  A FINITE 
HORIZONTAL  CYLINDER 

by 

J.  A.  Liburdy 
Abstract 


Natural  convection  currents  may  exist  inside  high  temperature  air 
supply  systems  and  significantly  influence  the  heat  transfer 
characteristics  which  determine  the  wall  temperatures.  The  present 
study  is  designed  to  provide  convective  film  coefficients  which  can  be 
incorporated  in  an  overall  radiation  and  conduction  heat  transfer 
model  for  a horizontal-finite  length  cylinder.  The  primary  purpose 
is  then  to  determine  the  thermal  stresses  that  develop  in  the  cylinder 
wall . 

A three  dimensional  model  is  presented.  A finite  difference 
approximation  to  the  vorticity  and  energy  equations  are  solved  by 
means  of  introducing  a vector  potential.  The  velocities  and 
temperatures  are  determined  and  the  convective  film  coefficient  then 
calculated.  The  boundary  conditions  consist  of  an  outside  wall 
heat  flux  to  stagnant  ambient  air  with  one  closed  end.  The  other  end 
is  exposed  to  a high  temperature  source. 

Results  indicate  a Nu-Ra  correlation  similar  to  two  dimensional 
results  with  possibly  slightly  higher  Nu  values  (~10-20%) . The 
highest  Nu  values  occur  at  the  sides  of  the  cylinder  where  the 
velocities  are  greater  than  either  the  top  or  bottom. 
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representative  nondimensional  dependent  variable.  Eauation  (10) 

term  in  finite  difference  approximation 

constant.  Equation  (10) 

specific  heat  at  constant  pressure 

specified  function  of  the  independent  variables 

nondimensional  function  of  the  independent  variable 

acceleration  due  to  gravity,  directed  down 

Grashoff  number  » g/M2l^)^AT/ y 

convective  film  coefficient 

subscripts  in  the  finite  difference  approximations 
thermal  conductivity 
length  of  cylinder 
time  step 

Nusselts  number  = q/hAT  * h(2ro)/^ 
pressure 

Prandth  number  = 

heat  flux  at  a solid  surface 

temperature  gradient  at  a solid  surface 

nondimensional  temperature  gradient  at  a solid  surface 

radial  coordinate 

cylinder  radius 

nondimensional  radial  coordinate  = r/ro 
Rayleigh  number  * Pr  Gr 

representative  nondimensional  dependent  variable.  Equation  (13) 
time  variable 
temperature 
initial  temperature 
prescribed  temperature  difference 
reference  temperature 
0 velocity  component 
velocity  component 
velocity  vector  _ 

nondimensional  velocity  vector  = v'r»/y- 
velocity  component 
longitudinal  coordinate 

nondimensional  longitudinal  coordinate  = }/rt 
thermal  diffusivity 

volumetric  expansion  coefficient  with  temperature 

finite  difference  operator 

finite  difference  , , , 

factor  in  Equation  (13)  = ■i/lai  * a r * ) 

nondimensional  temperature  ^o_T) /T0 

dynamic  viscosity 

kinematic  viscosity 

density 

nondimensional  time  = t y/rt 
angular  coordinate 

nondimensional  vector  potential.  Equation  (9) 
nondimensional  vorticity.  Equation  (8) 
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INTRODUCTION 


It  is  the  purpose  of  this  study  to  provide  both  heat  transfer  analyses 
and  develop  an  analytical  tool  for  examining  an  enclosed  three  dimensional 
cylindrical  natural  convection  flow  field.  This  entails  a numerical 
solution  of  the  basic  conservation  equations.  The  analysis  is  designed 
to  provide  the  transient  velocity  and  temperature  profiles  within  the 
enclosure  as  determined  by  the  imposed  boundary  conditions.  Also,  the 
heat  transfer  coefficient  by  means  of  the  Nusselts  number,  is  correlated 
with  the  nondimensional  Rayleigh  number  and  compared  to  existing 
experimental  and  numerical  investigations.  Novel  boundary  conditions 
are  also  examined  which  are  indicative  of  an  insulated  horizontal  right 
circular  cylinder  open  at  one  end.  This  situation  is  of  interest  to 
high  temperature  and  pressure  air  supply  systems  used  for  wind  tunnel 
testing  (1). 

Figure  (1)  shows  the  geometry  of  the  modelled  system  and  the  coordinate 
system  used.  The  open  end  boundary  condition  presents  some  difficulty 
with  respect  to  modelling  in  order  to  closely  resemble  the  actual 
physical  conditions  desired.  The  real  situation  occurring  in  the  air 
supply  systems  mentioned  consists  of  a cylindrical  extension  arm  projecting 
horizontally  from  a hot  pebble  bed  heater  housing.  It  is  this  extension 
arm  that  is  to  be  modelled.  The  arm  contains  an  exit  nozzle  in  the 
radial  direction  from  which  the  hot  air  is  exhausted  to  be  used  in  a 
particular  test  section.  The  refractory  brick  lining  used  in  the  arm  has 
experienced  stress  failures  in  the  past  due  to  excessively  large  thermal 
gradients.  It  is  desired  to  know  the  effects  of  natural  convection  when 
high  temperature  gases  exist  in  the  arm.  This  then  will  later  be  coupled 
with  radiation  and  conduction  heat  transfer  to  fully  analyze  the  thermal 
characteristics  during  operation. 

The  boundary  conditions  imposed  on  the  periphery  and  the  closed  end  is 
determined  by  the  composite  wall  structure.  That  is,  heat  is  allowed 
to  be  transferred  through  a refractory  lining  and  pressure  vessel.  To 
complete  this  condition  an  external  convective  heat  transfer  coefficient 
is  imposed  based  on  the  recommendation  of  McAdams  (2)  for  horizontal 
cylinders  in  a quiescent  environment.  If  the  housing,  which  contains 
hot  gases,  is  stagnant  the  open  end  boundary  condition  is  modelled  as  a 
constant  temperature  surface  with  zero  velocity.  More  realistically 
natural  convection  currents  will  exist  in  the  housing  itself.  To  simulate 
this  condition  a prescribed  velocity  and  temperature  distribution  is 
imposed.  Lastly,  to  approximate  a stratified  stagnant  gas  in  the  housing 
a linear  temperature  distribution  and  zero  velocity  are  used.  It  should 
be  noted  that  each  of  these  conditions  does  not  allow  mixing  of  the  gases 
in  the  arm  and  housing. 
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REVIEW  OF  PREVIOUS  WORK 


A wealth  of  correlated  information  exists  for  naturla  convection  from  a 
horizontal  cylinder  (external  flow).  Also,  the  problem  of  combined 
forced  and  natural  convection  in  cylinders  has  received  considerable 
attention  for  obvious  reasions  (3,  4,  and  others).  The  two  dimensional 
case  of  transient  natural  convection  in  a horizontal  cylinder  has  been 
examined  both  numerically  (5)  and  experimentally  (6) . Numerous  other 
studies  have  been  made  for  a rectangular  three  dimensional  geometry 
(7,  8 and  others).  The  boundary  conditions  normally  imposed  in  these 
studies  are  either  constant  wall  temperature  or  heat  flux  or  step 
changes  in  the  wall  temperature.  Consequently,  direct  comparison  with 
the  present  investigation  is  not  strictly  valid.  However,  these 
previous  studies  will  provide  the  means  for  qualitative  comparisons  of 
the  boundary  condition  effects,  in  particular  the  open  end  condition, 
upon  the  heat  transfer  coefficient. 

An  experimental  study  by  Evans  and  Stefany  {9}  examined  the  heat 
transfer  correlations  for  transient  heat  transfer  (both  heating  and 
cooling)  for  liquids  in  a cylindrical  enclosure.  They  obtained  bulk 
fluid  temperatures  as  a function  of  time  for  step  changes  in  the  wall 
temperature.  Their  results  were  correlated  in  the  following  form: 


c.2f 

Nu.  = oSS(^o) 


(1) 


where  the  Nusselt's  number,  Nu,  is  based  on  the  instantaneous 
temperature  change  with  time  to  determine  the  heat  flux  from 
the  cylinder.  The  temperature  difference  used  to  define  h is 
equal  to  the  constant  wall  value  minus  the  instantaneous  bulk 
fluid  temperature.  The  Rayleigh  number,  Ra , is  defined  in 
terms  of  the  initial  temperature  difference  between  the  wall 
and  fluid.  They  observed  an  initially  high  h value,  due  to 
conduction,  followed  by  an  approximately  constant  value  until 
the  system  neared  equilibrium. 

Empirical  results  for  heat  transfer  correlations  in  various 
enclosures  and  orientation  are  very  similar  to  Equation  (1)  , 
see  McAdams  (2).  The  use  of  a logarithmic  plot  of  Nu  vs.  Ra 
apparently  is  quite  convenient  for  most  practical  purposes  but 
has  the  disadvantage  of  absorbing  most  of  the  subtitles 
associated  with  the  existing  temperature  and  velocity  profiles. 
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MATHEMATICAL  MODEL 


The  governing  differential  equations  for  the  conservation  of  mass, 
momentum  and  energy,  written  in  vector  notation,  become  respectively: 


ot 


-h  f(v-  v-)  = o 


(2) 


+^(/-j3P(T-Tr)) 


(3) 


*£  = ^ 

where  the  following  basic  assumptions  have  been  introduced: 

(i)  Newtonian  fluid  with  p and  k constant, 

(ii)  Boussinesq  approximation  where  density  variations 
are  only  introduced  into  the  body  force  terms  in 
the  momentum  equation, 

(iii)  viscous  dissipation  in  the  energy  equation  is 
negligible, 

(iv)  the  density-temperature  relationship  is  linear  through 
the  use  of  B. 


The  latter  assumption  (iv)  can  be  modified  in  the  case  of  large  temperature 
differences  by  specifying  a c>  (T)  function  for  the  particular  fluid  under 
question.  * 


The  boundary  conditions  previously  described  can  be  formulated  to  coexist 
with  Equations  (2)  - (4) 


r=L  ; 


V “ o 

SL- o' 

dr 
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7=L  : lD  V = o 

T=  f.O^Z) 


(z)  V= 

T=fJ(r)?)z) 


( S TAGNANT-S  TRATI F I ED ) 
CONDITION 


(CONVECTIVE-STRATIFIED) 

CONDITION 


The  values  of  the  temperature  gradients  at  r=l  and  Z=0  were  imposed  by 
specifying  an  overall  resistance  to  heat  transfer  through  the  composite 
material  and  specifying  an  ambient  temperature  to  be  used  with  the 
calculated  outside  convective  film  coefficient  using  Equation  (1).  The 
functions  fx,  f.  and  f3  are  taken  to  be  linear  with  respect  to  the 
vertical,  that  is  in  the  (Z-0=O°)  plane. 

Rather  than  attempt  to  solve  the  conservation  Equations  (2)-(4)  directly 
they  were  manipulated  to  formulate  the  more  tractable  vorticity  transport 
and  energy  equations  given  as: 
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D?  Pr  V b 


where  the  vorticity  is  defined  by: 


(7) 


VxV 


(8) 
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The  vector  potential  was  also  introduced  following  the  three  dimensional 
cartesian  coordinate  analysis  of  Aziz  and  Helluims  (V)  and  is  defined 


V = VX  ^ 


In  Equations  (6)-(9)  and  henceforth,  unless  otherwise  stated,  the 
variables  are  nondimensional  as  defined  in  the  nomenclature. 

The  resulting  boundary  conditions  for  the  set  of  Equations 
(6) -(9)  become: 


R = 1: 


Z = 0: 


Z = L: 


_ AW 

“V  " dK 

^ ” bH 

=.  Q, 
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_ ay 
az 

lJ  = — & 
bZ 
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$£  =Q 

az  ^ 

(i)  wR-  fz 

t iZ 

- . c (STAGNANT -STRATIFIED) 


©- 


= F (R  Z,)  ( cciVvccr.vc  - -jrAnTtKico) 

^ ^ Cc»*MTIC|m 

0-r,L*,tjZ) 

where  the  functions  Flt  and  F3  represents  the  assumed  nondimensional 
temperature  profiles,  and  F2is  the  curl  of  the  assumed  velocity  profile 
at  Z=L. 
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Numerical  Procedure: 


The  numerical  modelling  scheme  employed  to  solve  the  system  of  governing 
equations  was  a modified  version  of  the  one  presented  by  AZIZ  and  Heliums 
(7)  for  a rectangular  box.  The  grid  arrangement  is  shown  in  Figure  2. 

In  order  to  evaluate  the  dependent  variables  at  the  centerline  a cartesian 
coordinate  system  was  imposed  along  the  line  r = o.  This  eliminated  the 
obvious  tendency  for  the  differencing  equations  to  blow  up  when  r = o. 

The  numerical  procedure  consisted  of  three  steps.  First  the  parabolic 
equations  were  attacked.  The  set  of  three  equations,  solved  at  each  time 
step  can  be  expressed  as: 


<•)  M 
AnM  Ar  

AT 
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o'*  (O)  ' 


(V)  L-) 

Ann~  An 


A t 


(0) 
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= c [i  $(*„„’• 


^ < 4,  > 

= C \ V ^ r * V^ntiT  ^ 


(10) 


The  equations  are  to  be  solved  in  the  order  shown  where  A^3)  represents 
the  approximated  value  of  the  variable  A at  the  n+1  time  step.  A '°' 
represents  the  value  of  A at  the  previous  time  step;  A O)  the  first 
approximation  due  to  changes  in  the  0 direction;  A (2)  the  second 
approximation  which  incorporates  changes  in  the  r direction.  C represents 
a constant  and  equals  one  when  solving  for  the  vorticitv  components  and  i 
for  the  temperature  solution.  The  delta  functions,  & , represent  Pr 

the  following  combinations  of  first  and  second  derivatives: 
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The  conventional  symmetric  finite  difference  forms  for  first  and  second 
derivatives  were  used  to  evaluate  each  & to  assure  errors  of  the  order 
of  the  grid  size  squared.  As  an  illustration  of  how  Equations  (10)  were 
applied  consider  the  following  formulation  to  evaluate  the  first 
approximation  of  , the  ft  component  of  the  vorticity  at  an  interior  node 

(i.J.k):  ' 7 


1 1 > «> 
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The  term  in  square  brackets  represents  the  B term  in  Equation  (10).  Similar 
equations  result  for  and  0 dimensionless  temperature) . The  terms 

in  B can  be  evaluated  at  time  step  n,  n + \ or  n+1.  Once^the  above  equation 
is  solved  for  it  is  stored  and  the  equation  for  1r(  (i,j,k)  is 

solved  using  'rtT,u£  p.(  in  the  operator  as  indicated  in  Equations  (12). 

Then  the  third  approximation  was  obtained  using  the  first  two  approximations. 
The  set  of  equations  were  then  solved  for  each  of  the  vorticity  components 
and  temperature. 

It  was  desired  to  keep  the  error  of  the  order  of  the  grid  size  squared.  As 
such  the  following  approximations  for  the  derivatives  at  the  boundary  were 
used: 
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with  similar  expressions  for  the  derivatives  in  the  Z direction  at  the 
closed  end. 

In  order  to  assure  the  least  error  introduced  in  the  finite  difference 
approximation  of  the  time  derivatives  it  is  necessary  that  B and  the 
velocity  components  be  evaluated  at  n + h or  n + 1.  This  requires  a two 
stage  iteration  scheme.  First  the  vorticity  and  temperature  are 
evaluated  using  the  old  values  of  B from  which  the  vector  potential  and 
velocity  components  are  calculated  (this  procedure  is  outlined  further 
on  and  requires  an  iteration  procedure.  These  updated  values  are  then 
reinserted  into  the  parabolic  set  of  equations  to  reevaluate  and  0 
at  the  same  time  step.  New  values  of  r and  y"  are  then  calculated  and 
again  used  to  update  U)  and  © . This  is  continued  until  a predetermined 
convergence  criteria  is  satisfied  (that  is,  the  fractional  change  in  the 
updated  and  old  values  is  less  than  some  tolerance) . Once  completed  the 
entire  process  is  repeated  at  the  next  time  step. 

There  is  the  further  requirement  to  specify  the  vorticity  at  the  solid 
boundaries,  R=1  and  Z=0.  These  are  obtained  indirectly  by  examining  the 
boundary  conditions  for  the  vector  potential.  Morean  {9}  concludes  that 
the  normal  derivatives  of  the  normal  Y component  at  a solid  surface  is 
identically  zero.  Further,  the  tangential  component  of  Y to  the  surface 
also  must  vanish  to  satisfy  the  no-slip  conditions.  Transforming  these 
conditions  into  the  vorticity  components  yields  the  following: 
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where  the  finite  difference  approximations  are  second-order  in  space 
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coordinates.  This  formulation  implies  that  new,  or  updated,  values  of 
the  velocity  components  are  required  to  evaluate  updated  vorticity 
components  at  the  boundaries.  Again,  this  is  incorporated  into  the 
double  iteration  scheme  at  each  time  step. 

We  now  continue  on  to  the  solution  scheme  for  the  elliptic  equations.  A 
successive  overrelaxation  method  was  used  to  solve  the  finite  difference 
approximation  which  can  be  expressed  in  the  following  form: 

(n)\  l&t'l  (/»-«}  //») 

" J t;  l tp  - 


(^*f)  hy ) 

S„f,jbk)  - ->k) 


(rn  -■)  (m) 
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P 'I  J 


(m-i) 

5,  (lJ  ^ 


where  A(,is  defined  in  the  nomenclature  and  the  superscripts  (m) 
and  (m-1)  represent  current  and  previous  iteration  values  respectively. 
The  term  Qy  is  the  appropriate  component  of  vorticity  to  correspond 
with  the  particular  vector  potential  component  being  evaluated.  In 
this  expression  CcJ,pr  represents  an  acceleration  parameter  and  can  take 
on  values  typically  in  the  range  zero  to  two.  An  optimal  value  can 
be  found  which  is  designed  to  provide  the  fastest  rate  of  convergence, 
see  Forsythe  and  Wason  (10).  This  optimal  value  was  used  in  the  present 
problem. 

Equation  (13)  was  iterated  upon  until  the  fractional  change  in  the 
vector  potential  component  was  less  than  some  set  tolerance.  The 
convergence  was  tested  at  each  nodal  location  in  order  to  assure  that 
the  entire  system  was  well  behaved. 
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The  grid  spacing  used  was  9 x 9 x 11.  That  is,  the  radial  increment 
equaled  f"o/8,  the  angle  increment  Tf/8  and  the  longitudinal  increment 
L/(10xfo)*  A smaller  grid  size  was  not  used,  however  a 9 x 5 x 11  grid 
was  attempted  which  showed  some  convergence  problems.  The  aspect  ratio 
was  3.25  (inside  length  per  inside  diameter). 

The  program  is  designed  to  run  until  steady  state  conditions  result. 
Steady  state  is  determined  by  evaluating  the  total  heat  loss  rate  from 
the  cylinder.  When  the  heat  loss  rate  no  longer  varies  within  one 
percent  steady  state  was  assumed. 

In  the  following  section  some  results  are  given.  It  is  hoped  that 
further  work  in  this  area  will  develop  the  program  to  its  full  potential. 
The  following  is  restricted  to  the  stagnant-stratif ied  open  end  boundary 
condition. 


RESULTS  AND  DISCUSSION 


To  date,  the  computer  program  to  fully  explore  the  convective  heat 
transfer  phenomena  inside  the  described  horizontal  cylinder  has  not 
been  fully  tested.  There  appears  to  be  some  convergence  problems  in  the 
solution  of  the  elliptic  equations  particularly  at  high  Rayleigh 
numbers.  As  such  the  results  and  discussion  will  be  limited  to  the  few 
cases  that  did  show  reasonable  results. 

Figure  3 shows,  qualitatively,  a typical  flow  pattern  that  results  for 
fairly  low  values  of  Ra  (below  1C)6) . A definite  downward  flowing 
boundary  layer  is  evident.  Either  a stagnant  or  small  eddy  region 
occurs  near  the  bottom.  The  central  region  flows  upward  to  replace  the 
heavier  falling  fluid  at  the  outer  boundaries. 

The  Nu  correlation  with  Ra  is  shown  in  Figure  4.  The  Nu  values  are 
consistently  larger  than  the  correlation  for  the  experimental  results 
of  Reference  (6) . It  should  be  noted  that  (6)  imposed  a wall  temperature 
step  change  as  the  boundary  condition  of  their  two  dimensional  case. 

The  discrepancy  is  still  rather  small  and  it  appears  as  the  Ra  power  is 
identical  in  both  cases. 

Figure  5 gives  the  transient  nature  of  the  Nusselt's  number.  Experimental 
observations  by  Evans  and  Stefany  (6)  show  a constant  film  coefficient 
for  both  transient  heating  and  cooling.  In  the  present  case  the  wall 
heat  flux  is  not  a constant  and  it  seems  physically  reasonable  for  Nu  to 
decrease  as  steady  state  conditions  are  approached.  It  was  observed  that 
initially  high  values  of  Ra  resulted  in  a more  rapid  decline  of  Nu. 

Actually  steady  state  conditions  were  not  reached  however  because  of  the 
convergence  problem  mentioned  earlier.  During  the  time  period  examined 
the  wall  heat  flux  only  varied  by  a few  percent,  however  the  temperature 
difference  ( T ^ / Tw ) decreased  more  rapidly.  Thus,  the  decline  in  Nu  is 
largely  due  to  the  cooling  of  the  fluid  and  wall  but  each  at  a different 
rate . 

A numerical  study  by  Heliums  and  Churchill  (11)  for  transient  natural 
convection  in  a two  dimensional  horizontal  cylinder  shows  a significant 
initial  drop  in  Nu  with  time  followed  by  an  increase  which  is  a function 
of  angular  position  until  steady  state  is  reached.  The  cylinder  had  two 
vertical  halves  each  at  a different  temperature. 

Figures  6 and  7 show  the  longitudinal  and  angular  variations  of  the  film 
coefficient.  Figure  7 also  contains  the  angular  variation  of  wall 
temperature.  Longitudinal  variations  are  slight.  The  velocities  in  the 
Z direction  were  small  compared  to  the  r and  0 components. 

This  condition  is  dependent  on  the  boundary  condition  imposed  at  the  open 
end . 

There  is  a slight  indication  that  the  largest  h values  will  exist  near  the 
ends.  In  particular  it  was  found  that  the  h value  at  the  closed  end  was 
approximately  20%  to  25%  higher  than  the  average  value  for  the  entire 
cylinder.  Peripheral  variations  in  h were  slight  except  very  near  the  top 
and  bottom.  During  the  initial  period  Heliums  and  Churchill  (11)  also  found 
Nusselt  numbers  to  be  smallest  near  the  top  and  bottom.  This  is  most  likelv 
due  to  the  lower  fluid  velocity. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


T~ 


The  present  work  has  shown,  at  least  in  the  nitial  stages,  the  Nusselt's 
number  very  nearly  follows  the  same  correlation  found  for  two  dimensional 
cylinders.  However  the  open  end  boundary  condition  has  not  been  fully 
explored  and  is  likely  to  cause  secondary  flows  which  may  enhance  the 
overall  convective  film  coefficient.  It  is  encouraging  that  preliminary 
results  are  consistent  with  other's  works. 

The  convergence  of  the  inner  and  outer  iterations  has  yet  to  be  explored. 
This  should  present  little  problem  but  must  be  examined  before  further 
numerical  experiments  can  reliably  be  conducted.  Naturally,  the  ultimate 
test  will  be  experimental  verification  of  the  results. 

Since  this  model  was  developed  with  the  intent  of  supplying  convective 
film  coefficients  to  the  radiative  heat  transfer  effects  in  a high 
temperature  system,  there  is  the  possibility  that  transition  to  turbulent 
flow  may  result.  Should  this  occur  significant  modif ications-through 
turbulence  modeling-will  be  required. 
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ABSTRACT 


Extractive  probe  sampling  of  turbojet  exhaust  effluent 
may  provide  a convenient  means  of  characterizing  levels  of 
pollutant  emission  from  such  devices,  but  questions  exist  as  to 
the  extent  that  the  sampling  process  may  perturb  these  concentra- 
tions from  their  pertinent  values.  As  part  of  the  effort  to 
characterize  the  extent  of  such  perturbations,  computer  modelling 
of  the  reactive  gasdynamics  processes  within  such  probes  was 
undertaken . 

In  this  work,  existing  code  was  generalized  to  account 
for  homogeneous  reactions  in  one-dimensional  flow  in  probes  of 
non-constant  cross-section,  including  recovery  from  supersonic 
flow  by  a normal  shock  crossing  the  probe.  The  generalizations 
were  implemented  through  subroutines  so  as  to  preserve  the  flex- 
ibility of  the  program  for  accommodation  of  other  phenomena,  eg. 
heterogeneous  reactions  and  frictional  effects. 

The  equations  of  one-dimensional  reactive  flow  in  a 
non-constant  area  probe  with  heat  transfer  through  the  walls  are 
briefly  reviewed.  The  method  of  solution  of  these  flow  equations 
is  described,  and  the  organization  of  the  code  is  outlined.  Data 
from  initial  runs  of  the  generalized  program  for  two  probes,  one 
of  constant  area  and  one  with  convergence  and  divergence  in  area, 
are  presented  to  indicate  some  of  the  types  of  information  sought 
in  a study  of  this  type.  In  particular,  post -recovery  cooling  of 
flows  in  the  non-constant  area  ("aerodynamic")  probe  is  shown  to 
be  far  more  modest  than  would  be  anticipated  from  consideration 
of  the  supersonic  expansion  of  the  flow  alone.  Some  differences 
in  patterns  of  reactivity  between  the  two  probes  are  noted,  for 
a single  set  of  kinetic  parameters  used  Further  anticipated 
developments  of  the  program  are  discussed. 
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INTRODUCTION 


Knowledge  of  the  distribution  of  chemical  species  in 
turbojet  exhaust  effluent  is  essential  to  the  evaluation  of  the 
environmental  impact  of  such  a propulsion  device.  There  are, 
essentially,  two  classes  of  methods  of  obtaining  such  knowledge: 

One,  in-situ  spectroscopic  determination,  is  in  principle  non- 
perturbing and  capable  of  application  to  the  measurement  of  any 
chemical  species,  regardless  of  stability.  The  newer  of  the  two 
classes,  it  is  generally  costly  and  requires  highly-tra ined 
personnel  for  operation,  notwithstanding  providing  data  whose 
reduction  is  an  area  of  continuing  research.  The  other,  perhaps 
more  classical,  group  of  methods  is  extractive  probe  sampling. 

The  latter  group  essentially  leads  to  the  transfer  of  a cooled, 
quiescent  sample  to  instrumentation  ostensibly  specific  to  the 
determination  of  given  chemical  species.  Interferences  of  species 
within  a given  instrument  are  by  no  means  unknown,  and  determina- 
tion of  such  effects  is  also  an  area  of  on-going  study  (Ref.  1) . 
Another  area  of  potential  difficulty,  that  most  immediately 
connected  to  the  present  study,  is  perturbation  of  the  concentra- 
tions of  species  of  interest  by  the  extractive  sampling  process 
itself.  Undoubtedly,  unstable  intermediates  of  the  combustion 
process  existing  in  the  exhaust  stream  are  lost  in  the  sampling 
process.  It  is  important  to  know,  for  example,  the  extent  to 
which  this  change  is  coupled  to  changes  in  concentrations  of  more 
stable  species  of  interest,  relative  to  their  in-situ  values  both 
in  the  near-jet  exhaust  stream  and  in  the  far-jet  wake  as  they 
enter  the  natural  chemical  cycles  of  the  environment  (Ref  . 2)  . 

Among  specific  observations  lending  weight  to  concern 
with  these  questions  are  the  findings  of  the  Technology  Applications 
Branch  of  the  Engine  Test  Facility  at  the  Arnold  Engineering  Devel- 
opment Center,  that  in-situ  spectroscopic  determinations  of  oxides 
of  nitrogen  in  turbojet  and  combustor  exhaust  effluents  yield 
values  up  to  six  times  those  obtained  by  probe  sampling  methods 
(Refs.  3-6).  These  and  another  study  (Ref.  7)  have  provided 
observations  consistent  with  the  occurrence  of  probe-dependent 
reactions,  particularly  in  high  temperature  and  reducing  (eg. 
fuel-rich)  gas  flows,  which  consume  oxides  of  nitrogen  and  tend 
to  enhance  carbon  monoxide  levels. 


OBJECTIVES 


As  part  of  a broadly  based  effort  to  resolve  the  nature 
and  significance  of  these  discrepancies,  computer  modelling  of 
the  reactive  gasdynamics  processes  within  the  probe  was  deemed  a 
useful  undertaking.  At  the  inception  of  this  project,  code 
existed  for  the  study  of  finite-rate  reactions  occurring  in  one- 
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dimensional  constant  area  flow,  with  modelled  heat  transfer  to  a 
constant  temperature  wall.  It  was  considered  desirable  to  extend 
the  code  to  account  for  phenomena  associated  with  varying  area 
and  wall  temperature  towards,  as  stated  in  the  work  assignment 
for  this  project,  "a  realistic  prediction  of  what  happens  to  the 
pollutant  species  in  a gas  sample  because  of  the  presence  of  the 
sampling  probe."  In  this  report,  we  shall  describe  briefly  the 
success  in  meeting  these  objectives,  and  the  author's  conclusions 
and  recommendations.  Several  matters  intended  to  be  later 
considered  are  excluded  from  this  report:  they  include  (1)  a 
comprehensive  description  and  thorough  documentation  of  the  code 
used  and  developed,  together  with  a full  derivation  of  the  analysis 
coded,  (2)  a thorough  discussion  of  the  chemistry  of  potential 
interest  to  this  problem,  with  emphasis  on  the  likely  precision 
and  accuracy  of  the  parameters  describing  the  individual  rate 
processes  of  that  material,  and  (3)  a review  of  the  state-of-the- 
art  of  sensitivity  analysis,  pertinent  to  assessing  the  impact  of 
imprecisions  and  inaccuracies  of  such  parameters  on  the  specific 
predictions  of  the  complex  model.  Work  on  at  least  the  first  two 
of  these  matters  necessarily  preceded  the  developments  reported 
here,  and  represented  a substantial  effort,  given  the  state  of 
the  1800  line  program  existing,  and  the  diversity  of  physico- 
chemical phenomena  relevant  to  the  problem  under  consideration. 
Constraints  of  time  within  the  program  necessitate  a lar  briefer 
report  than  the  value  of  the  experience  to  the  author  would 
justify . 


ONE-DIMENSIONAL  FLOW 


We  review  very  briefly  here  the  familiar  equations  of 
one-dimensional  flow  (Ref.  8),  and  aspects  of  their  adaptation  to 
reactive  systems,  primarily  to  define  notation  and  to  lay  the 
groundwork  for  some  discussion  to  the  method  of  coding  the  problem. 

Consider  flow  along  the  x-axis  through  a channel  of 
area  A(x)  of  a gas  of  density  p and  velocity  u.  The  flow  rate 
M (grams/second)  is  given  by 

puA  * M , 

(1) 

and  in  steady  flow.  M = constant  reflects  the  conservation  of  mass. 
Conservation  of  momentum  is  expressed  by  the  differential  form  of 
Euler's  equation,  which  introduces  the  static  pressure,  P. 


dP  + pudu  = 0 . 


(2) 
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where  is  the  molar  enthalpy  of  species  i.  That  enthalpy,  and 
its  temperature  derivative,  the  molar  heat  capacity  of  species  i. 
Cpi.  are  provided  by  coefficients  oi  an  expression  of  temperature 
dependence,  confirmed  in  this  work  to  provide  heat  capacities 
enthalpies,  and  free  energies  of  the  species  considered  in  essen- 
tial agreement  with  those  oi  the  3P71  JANN'AF  table  (lief  9). 
Differentiation  of  equations  (I),  (3),  ic)  and  (6)  ana  combination 
with  equations  (2)  and  (4).  together  with  the  cefinition  of  velo- 
city, u = dx  dt . provide  a system  of  flow  equations  that,  in 
steady  state,  may  te  solved  to  follow  in  time  the  passage  of  a 
fluid  particle  along  the  distance,  x.  The  svstem  of  equations  as 
used  is  modified  by  consideration  of  conservation  oi  the  number 
of  atoms  of  each  cf  the  NE  elements  present  reducing  the  numcer 
of  independent  measures  of  concentration  to  N * NT  - NE.  T'  is 
consideration  provides  expressions  fui  the  N + 1st  through  N'.'  -h 
mole-mass  ratios,  of  the  ferr. 


B.  = J1M  A .B  + C 
1 .1=1  J 1 J * 


»-  N * 1 NT. 


where  the  coefficients  A j are  determined  by  the  atomic  composi- 
tions of  the  molecular  species  present,  and  the  constants  C j 
depend  also  on  the  initial  composition  of  the  system.  All  rSe 
mole-mass  ratios  change  tu  time  as  chemical  reactions  occur,  at 
rates  3* . We  have,  then,  lor  the  system  of  rate  equations  des- 
cribing overall  changes  in  the  system  with  time 

— i * B . , i » 1 N. 

dt  i 
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i.e.,  a system  of  expressions  for  N + 3 
N + 3.  Here  Cp  is  the  specific  heat  of 


rates  dY./dt, 
the  gas, 


i 


i=NT 

C_  = 2 B.C  . 

P i=i  l pi 


(12) 


Together  with  equation  (7)  for  the  "dependent"  B^,  i = N + 1. 

. . . , NT,  the  solution  of  these  equations  at  any  instant  provides 
values  for  all  the  Bi,  and  T,  x,  and  Q.  The  rearrangement  of 
equation  (3) , 


u = /2(H0  + Q - H) 


(13) 

together  with  equation  (6)  for  H,  gives  the  velocity.  With  the 
conservation  of  mass,  equation  (1),  we  have 

p = M/uA, 

(14) ' 

and  finally  the  equation  of  state  (5)  gives  the  pressure.  This 
review  of  the  system  of  equations  of  the  motion  of  the  system  in 
fact  parallels  the  computation  of  the  quantities  in  the  program 
code:  It  may  be  of  some  interest  that  this  sequence  of  operations 

appears  to  pass  without  difficulty  from  subsonic  to  supersonic 
flow,  in  spite  of  the  existence  of  a bifurcation  of  the  solution 
at  that  point . 


SOLUTION  OF  THE  FLOW  EQUATIONS 


A system  of  equations  of  the  type  given  by  equations 
(8)  - (11)  can  be  solved  in  a variety  of  ways.  The  method  of 
solution  chosen  should  remain  stable  for  reasonable  step  sizes. 

In  the  situation  prevailing  here  the  system  is  "stiff"  on  account 
of  the  broad  spectrum  of  relaxation  times  existing  in  the  presence 
of  rapid  chemical  reaction  rates.  The  method  of  solution  presently 
implemented,  the  modified  Euler  method,  appears  to  provide  a 
simple  means  to  attain  such  stability  under  these  conditions.  In 
this  method,  one  linearizes  the  system  in  time,  essentially 
approximating  the  linearized  rates  midway  along  the  increment  At. 
The  result  of  this  operation  is  to  convert  the  system  of  differen- 
tial equations  to  a system  of  algebraic  equations 
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j=N+3 
Y.  = ^ 

1 j=l 


Y.  *=Y  . 
k J 


to  be  solved  for  the 
the  Kronecker  delta, 
derivative  indicates 
held  fixed.  At  any 

(rlYj/c^Y  j)yk,^Y  ■ are  § 

of  the  system  (14) , 
increments  AY j assoc 
These  intervals  are 
testing  the  solution 


increments  AYj  . In  this  expression,  5 j_ j is 
and  the  subscript  notation  on  each  partial 
that  it  be  taken  with  all  the  Y^,  save  Yj. 
instant,  the  rates  Yi  and  partial  derivatives 
iven  in  terms  of  the  levels  Yj,  and  solution 

here  by  Kraut-Cholesky  reduction,  provides 
iated  with  a specified  time  interval  At. 
determined  at  each  step  in  the  course  of 
AYj  for  acceptability. 


ORGANIZATION  OF  CODE 

Figure  1 provides  the  organization  of  subroutines  as 
currently  implemented  in  the  gas  sampling  code  computer  program. 

In  this  depiction,  calls  are  indicated  by  directed  solid  lines 
and  returns  (in  all  cases  here  to  the  point  of  call)  are  indicated 
by  dotted  lines.  The  sequence  of  calls  and  returns  in  the  first 
pair  of  normal  execution,  excepting  iteration  with  the  matrix 
inversion  subroutine  between  call  30  and  return  31.  is  numbered 
at  the  origins  of  the  calls  and  returns,  respectively.  The  time- 
marching of  the  program  is  by  the  loop  beginning  with  call  9 and 
ending  upon  return  32.  However,  it  is  to  be  emphasized  that  the 
constitution  of  this  program  is  extremely  flexible,  and  the  range 
of  phenomena  modelled  in  its  operation  can  be  extended  with  rela- 
tive ease  once  the  overall  structure  of  the  program  and  its 
relations  is  perceived.  For  example,  in  the  present  work  it 
was  found  that  modification  of  the  constant  area  and  constant  wall 
temperature  conditions  was  quite  easily  obtained  by  the  subroutine 
WALL  (unique  to  each  probe  configuration),  and  that  the  recovery 
of  conditions  in  flow  becoming  supersonic  in  the  course  of  tra- 
versing appropriate  probes  was  fairly  straightforwardly  implemented 
through  subroutine  SHOK , integrating  the  system  of  flow  equations 
across  the  (here,  frozen  and  thin) shock  discontinuity.  The  exact 
solution  of  this  problem  proved  unpredictable  in  the  outcome  of 
its  iterations  when  the  temperature  dependence  of  the  heat  capac- 
ities were  accounted  for.  An  approximate  but  reliable  iteration 
procedure,  exact  for  temperature  intervals  across  a shock  suffi- 
ciently moderate  that  y = Cp/(Cp-R)  is  linear,  exists  in  the 
program  as  described  here. 


PROBES  STUDIED 


A diverse  variety  of  extractive  composition  probe 
geometries  have  been  developed  to  sample  combustion  effluents  in 
a variety  of  circumstances,  always  with  the  intention  of  obtaining 
compositions  free  of  probe- induced  perturbations.  The  proceedings 
of  the  14th  and  15**1  AIAA  Aerospace  Sciences  Meetings  (Refs.  10 
& 11)  include  reviews  and  original  papers  of  a timely  nature 
referring  to  and  describing  the  greater  part  of  this  diversity. 

We  confine  ourselves  to  discussion  of  two  probes  simulated  in 
the  current  program,  both  used  in  turbojet  emissions  investigations 
at  AEDC.  One,  the  "Baseline  Probe",  is  a counterflow-cooled 
straight  pipe  of  inside  diameter  0.775  cm;  the  other,  the 
"Aerodynamic  Probe",  is  a converging-tubular-diverging-tubular 
sequence  of  sections  of  entrant  diameter  0.12  cm,  designed  to 
cool  the  effluent  sample  by  aerodynamic,  as  well  as  convective, 
cooling.  Figure  2 shows  the  configurations  of  these  two  probes. 
Figures  3 and  4 describe  the  rather  distinct  temperature  paths  of 
the  flowing  gas  in  its  respective  trajectories  through  the  two 
probes  as  calculated  using  entrant  conditions  of  P=3  atm,  T=2000'K. 
and  u=104  cm/sec,  corresponding  to  conditions  downstream  of  a 
bow  shock  before  the  probe  orifice.  The  baseline  probe  maintains 
the  flow  at  close  to  the  initial  speed  through  the  30  cm  length 
studied  (the  time  taken  for  this  passage  was  3.2  milliseconds), 
and  undergoes  little  drop  in  temperature.  In  the  aerodynamic 
probe,  by  comparison,  after  the  flow  becomes  supersonic  (at  about 
0.06  cm,  the  end  of  the  convergent  section)  and  begins  its  super- 
sonic acceleration  (at  0.21  cm,  the  start  of  the  divergent  section) 
the  static  temperature  falls  at  a phenomenal  rate,  from  above 
160CTK  (at  4.8p.sec)  to  444  K (at  about  9.6_sec)  . However,  at  the 
latter  time,  recovery  occurs  through  a normal  shock  crossing  the 
probe.  This  shock  appears  in  the  present  version  of  the  program 
when  the  recovery  static  pressure  falls  below  the  specified  sample 
line  pressure  maintained  by  pumping,  here  0.3  atm.  (There  are 
many  calls  to  SHOK . but  few  shocks  are  chosen.)  At  recovery,  the 
static  temperature  rises  again,  to  around  1728  K.  However,  the 
process  of  supersonic  expansion  is  not  without  effect,  for 
recovery  in  pressure  (Figure  5)  is  by  no  means  as  dramatic  as 
that  in  temperature  and  cooling  proceeds  for  the  relatively 
expanded  gas  with  a rate  of  temperature  loss  more  than  8 times 
that  of  the  baseline  probe  on  a time  basis.  (Something  on  the 
order  of  half  the  magnitude  of  this  factor  is  attributable  to  the 
difference  in  surf ace-to-volume  ratio  between  the  two  probes.) 


CHEMICAL  EFFECTS 


Modelling  of  the  type  undertaken  here  offers  the  possi- 
bility of  a detailed  study  of  the  evolution  of  distribution  of 
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chemical  species  as  the  gas  traverses  probe  and  sample  line 
(Refs.  12,  13,  14).  Table  1 presents  a list  of  the  reactions 
occurring  in  the  runs  discussed  here,  together  with  the  kinetic 
parameters  used.  Figures  (6)  and  (7)  compare  the  evolution  of 
nitrogeneous  compounds  included  in  these  preliminary  runs  in  the 
baseline  and  aerodynamic  probes.  One  sees,  comparing  these 
figures,  that  the  predominant  species,  N2  and  NO,  maintain 
stable  levels.  In  the  case  of  the  less  abundant  compounds  (for 
the  starting  conditions  of  these  runs)  , ^0,  N.  and  NO2.  probe- 
dependent  differences  in  reactivity  manifest  themselves.  In  the 
aerodynamic  probe,  for  example,  only  1/4  as  high  a maximum  of 
nitrous  oxide,  N2O,  is  attained  as  in  the  baseline  probe,  the  net 
production  being  halted  at  the  onset  of  supersonic  expansion  at 
0.06  cm,  while  continuing  in  the  baseline  probe  for  15  times  that 
distance  (and  30  times  that  time).  The  rapid  transient  rises  in 
the  species  N2O,  NC^,  and  N each  from  mole  fraction  9.9  x 10--'-® 
as  observed  for  both  probes  may  represent  rapid  relaxation  of 
hypothetical  conditions  that  are  inappropriate  to  the  entrant  gas 
conditions.  Further  investigation  is,  however,  required  to 
exclude  the  possibility  that  they  are  in  greater  or  lesser  part 
numerical  artifacts  associated  with  the  behavior  of  small  numbers 
in  the  starting  procedure  of  the  calculation.  Such  study  must 
precede  any  claim  for  the  authenticity  of  the  evolution  of 
concentrations  of  trace  species  as  presented  here.  We  discuss 
these  concentrations  at  this  time  primarily  to  indicate  some  of 
the  types  of  information  of  interest  to  a study  such  as  this. 


Referring  to  the  behavior  of  0/H  compounds,  figures  (8) 
and  (9) , we  see  in  the  baseline  probe  suggestively  lower  concen- 
trations of  H,  OH,  0,  O2  and  HO2,  the  comparison  factors  at  2 cm 
being  about  10  for  H and  OH,  100  for  0,  and  1000  for  O2  and  H02- 
Apparently  reactions  consuming  these  reactants  tend  to  be  "frozen 
out"  by  the  aerodynamic  probe.  At  the  recovery  point  at  1.07  cm. 
losses  of  HO2  and  O2  are  suddenly  accelerated.  Possibly  note- 
worthy is  the  tendency  of  H atoms  to  remain  "free",  post-recovery, 
and  the  observation  that  the  higher  HO9  levels  in  the  aerodynamic 
probe  are  not  associated  with  higher  levels  of  NO2  (The 
reaction  NO  + HO2  — » NO2  + OH  has  been  frequently  mentioned  as 
the  primary  source  of  NO2  as  a combustion  effluent,  tending  to 
occur  when  HO2  builds  up  in  relatively  cool  regions  of  the  system.) 


CONCLUSIONS  AND  RECOMMENDATIONS 


As  discussed  in  the  previous  section,  the  reliability 
of  the  chemistry  in  this  program  is  needful  of  verification. 
Indeed,  for  homogeneous  reactions  (to  which  the  program  as 
presently  implemented  is  limited)  a careful  selection  of  reactions 
and  rate  constants  should  be  made.  Tests  on  simple  systems  will 
be  valuable,  to  confirm  the  program's  ability  to  reliably  repro- 
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duce  the  description  of  well-understood  phenomena.  Sensitivity 
to  choice  of  rate  constants  should  be  assessed. 

Insofar  as  extensions  of  the  current  program  are  con- 
cerned, for  purposes  of  assessing  possible  probe  effects  the 
inclusion  of  heterogeneous  reactions  may  be  essential.  The 
code  of  this  program  appears  amenable  to  incorporating  surface 
reactions  into  the  model  subject  to  phenomenological  assumptions 
concerning  the  diffusive  transport  of  molecules  to  the  walls 
(Ref.  12).  Typically,  wall  reactions  attain  importance  at  lower 
temperatures,  where  homogeneous  reactions  are  quenched  (Ref.  15). 
However,  a recent  study  of  Myerson  discusses  an  intermediate 
temperature  (1300  - 1700°K)  surface  reaction  associated  with 
carbonaceous  deposits  from  combustion  effluents,  forming  largely 
N2  and  CO  from  the  deposit  and  NO  (Ref.  16).  This  particular 
reaction,  only  75%  complete  for  an  0 . 1 second  residence  time  of 
10~3  mole  fraction  NO  (albeit  in  a 1.9  cm  diameter  reactor), 
seems  somewhat  too  slow  to  be  an  obvious  candidate  notwithstanding 
the  similarity  of  the  reaction  to  gross  patterns  of  "probe  effects" 
previously  studied  (Refs.  6 and  7).  Nonetheless,  in  light  of 
imperfect  but  developing  knowledge  of  possible  reactions,  their 
rate  constants,  and  pertinent  diffusive  processes,  it  may  be  of 
interest  to  inquire  as  to  what  ranges  of  conditions  could  account 
for  probe  effects  as  observed. 

Frictional  effects  remain  to  be  considered  in  the 
model:  They  can  be  incorporated  phenomenologically  into  the  one- 

dimensional model  (Ref.  6).  In  the  longer  term,  it  will  be 
desirable  to  extend  the  calculation  to  two  dimensions.  The 
consistency  of  hypotheses  in  the  one-dimensional  calculation 
with  findings  of  the  multiple-streamline  generalization  of  the 
system  will  be  of  interest. 

The  range  of  phenomena  operational  in  probe  systems  is 
diverse.  The  modelling  of  such  systems  can  provide  no  less  than 
useful  insights  into  the  coupling  of  these  phenomena  as  a by- 
product of  a necessary  part  of  the  effort  towards  the  resolution 
of  an  environmentally  significant  issue. 
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Table  1 


Chemical  Kinetics  Data  as  Used  in  Program  Runs 


Classification  of  Reaction  Rate  Constant^  k=ATne  ^ ^ 


React  ion 

Code2 

A3. 

4 

n 

| E/R5  Notes 

NOx  conversions 

1 

0 + N2  = NO  + N 

7 

1.36 

(14) 

0 

37.750  | 6 

N + 09  = NO  + 0 

33 

1 . 55 

(9) 

1 

19.450  | 6 

N + OH  = NO  + H 

2 ; 

4 . 21 

(13) 

0 

0 I 6.7 

H + N20  = OH  + N2 

1 1 

3.01 

(13) 

0 

5.435  7 

0 + N 90  = 0 9 + N 9 

3 

3 . 61 

(13) 

0 

12.077  1 7 

N9  + N09  = NO  + N9O 

4 

1.41 

(14) 

0 

41,766  I 7 

H + NO2  = NO  + OH 

5 

3.00 

(13) 

0 

0 i 7 

NO  + H02  = OH  + NO2 

6 

6.00 

(ID 

0 

0 7 

NO  + 02  = 0 + N02 

9 

1 . 00 

(12) 

0 

22.900 

NO  + NO  = N20  + 0 

10 

7.05 

(ID 

0 

32.708 

N2  + 02  = N + N02 

30 

2.70 

(14) 

-1 

60,600  7 

No  +02=  NO  + NO 

31 

9.10 

(24) 

-5/2 

64.600 

N + N02  = NO  + NO 

32 

1.00 

(10) 

0 

44,300 

NO  + CO  = N + C02 

35 

2.00 

(11) 

-1/2 

4.000  8 

CO  + no2  = NO  + C02 

36 

2.00 

(ID 

-1/2 

2.500  7 

N02  + M = NO  + 0 + M 

8 

1 . 10 

(16) 

0 

33.000  8 

0 + N 2 + M = N20  + M 

11 

6.30 

(14) 

0 | 

28.582  7 

N02  + M = 02  + N + M 

34 

6.00 

(14) 

-3  2 

52.600  8 

HO  conversions 

H + O2  = 0 + OH 

13 

2.20 

(14) 

0 

8.4  54 

OH  + OH  = 0 + H20 

14 

5 . 75 

(12) 

0 

3 93  7 

0 + H2  = H + OH 

15 

1 . 74 

(13) 

0 

4.750  7 

OH  + H2  = H20  + H 

16 

2.20 

(13) 

0 

2.592  7 

H + H02  = OH  + OH 

21 

2.50 

(14) 

0 

956  7 

OH  + H02  = H20  + O2 

22 

1 . 20 

(14) 

0 

503 

0 + H02  = OH  + 02 

23 

5.00 

(13) 

0 

0 

H + H02  = H9  + O9 

24 

2 . 50 

(13) 

0 

352  7 

H + H02  = 0 + H90 

25 

1.00 

(13) 

0 

503  7 

H2  + 02  = OH  + OH 

j 28 

1 . 70 

(13) 

0 

2.470 

H + H + M = H2  + M 

17 

5.00 

(15) 

0 

0 

H + OH  + M = H9O  + 11 

18 

1.00 

(17) 

0 

0 

0 + 0 + M = 02  + M 

19 

9.38 

(14) 

0 

0 

H + O2  + M = H02  + M 

. 20 

1 . 50 

(15) 

0 

-503  7 

0 + H+M-OH  + M 

29 

1.00 

(16) 

0 

0 

C 0 conversions 

CO  + OH  = H + C02 

i 12 

5.60 

(ID 

0 

543 

CO  + O2  “ CO 2 + 0 

1 26 

3.00 

(12) 

: 0 

24.000 

CO  + 0 + M = C02  + M 

; 27 

1.80 

(19) 

; -1 

2,000 

c8h16  + 4°2  = 8C0+8H2|  37 

1 1 1 

12.400  , 9 
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Table  1 Continued 


Notes 

1)  "Forward"  rate  constant,  k,  for  reaction  proceding  from  left 
to  right;  reverse  rate  constant  obtained  from  k and  equili- 
brium constant 

2)  Sequential  position  of  reaction  data  in  input  deck  used  for 
test  runs  in  this  work 

3)  Units:  cm^  mole--*-  sec'-'-  for  bimolecular  reactions. 
cm°  mole"2  sec~l  for  termolecular  reactions 

4)  The  expression  n(m)  is  to  be  read  n x 10m 

5)  Units:  degrees  Kelvin 

6)  Zel’dovich  mechanism 

7)  Parameters  as  cited  in  reference  (12) 

8)  This  reaction  is  input  in  the  opposite  direction  from  that 
listed  here;  an  input  parameter  causes  the  program  to  use 
the  reaction  as  listed 

9)  For  this  reaction  (Edelman,  R.  B.  and  Fortune,  0.  F..  "A 
Quasi-Global  Chemical  Kinetic  Model  for  the  Combustion  of 
Hydrocarbon  Fuels,"  AIAA  paper  69-86,  1969)  A=5 . 52xl0^p-® -825 
This  reaction  is  constrained  to  occur  in  the  "forward”  direc- 
tion only 
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1.  INTRODUCTION 


The  capability  to  predict  the  lift,  drag,  and  moment  acting  on  an 
airfoil  is  fundamental  to  the  aerodynamicist.  Solutions  evolved  in  pursuit 
of  this  objective  for  a host  of  engineering  problems  form  the  basis  of  the 
edifice  of  classical  aerodynamics.  While  considerable  confidence  exists 
when  tackling  steady  flows  where  viscous  and  potential  regions  can  be 
treated  separately,  little  quantitative  methodology  is  available  for 
treating  unsteady  flows  where  separation  and  reattachment  of  the  thin 
viscous  layer  near  the  surface  occur.  In  some  applications  this  unsteady 
separated  flow  phenomenon  arises  when  an  otherwise  steady  flow  environment 
about  a solid  device  is  upset  by  undesirable  unsteady  effects  due  either 
to  self-induced  motions  of  the  device  itself  or  to  fluctuations  or  insta- 
bilities in  the  surrounding  flow.  In  other  applications,  the  device  is 
designed  to  operate  in  an  unsteady  manner  in  order  to  perform  its  desired 
function.  A recent  review  by  McCroskey  (Ref.  1)  examines  the  current 
research  interest  in  unsteady  stall  and  other  unsteady  fluid  dynamical 
effects  that  occur  in  a wide  range  of  modern  engineering  problems. 

The  Frank  J.  Seiler  Research  Laboratory  (FJSRL)  at  the  U.S.  Air  Force 
Academy  is  presently  conducting  a comprehensive  experimental  research 
program  to  study  unsteady  separated  flows  and,  in  particular,  the  dynamic 
stall  of  oscillating  airfoils.  When  dynamic  stall  occurs,  transient  forces 
and  moments  develop  which  are  fundamentally  different  from  their  static 
counterparts , the  most  striking  differences  being  large  increases  in  force 
and  moment  coefficients  above  static  values,  the  occurrence  of  "moment 
stall"  before  "lift  stall,"  and  the  delay  of  the  stall  event  to  angles  of 
attack  in  excess  of  the  static  stall  value.  The  aim  of  this  study  is  to 
achieve  a clearer  understanding  into  the  physical  mechanisms  responsible 
for  dynamic  stall  and  to  capitalize  on  these  unique  stall  features  by 
using  them  to  improve  the  turn  performance  and  maneuverability  of  flight 
vehicles. 


2.  BACKGROUND 

The  FJSRL  study  is  directed  toward  a detailed  examination  of  the 
vortex  kinetics  associated  with  dynamic  stall.  Figure  1 depicts  a quali- 
tative view  of  the  flow  over  an  airfoil  executing  a dynamic  stall.  It  has 
been  speculated  that  the  formation,  growth,  and  propagation  of  a free 
vortex  residing  on  the  airfoil  upper  surface,  together  with  the  accompanying 
reverse  flow  region,  are  central  to  the  dynamic  stall  problem.  However,  no 
sound  theoretical  models  exist.  Consequently,  detailed  measurements  of  the 
periodic  space/time  mean  velocity  field  for  an  oscillating  airfoil 
exhibiting  dynamic  stall  will  provide  valuable  information  about  the  stall 
process. 

The  two  current  competing  techniques  used  to  measure  local  time- 
varying  velocities  are  hot-wire  anemometry  and  laser  doppler  velocimetry 
(LDV).  Both  have  distinct  advantages  and  limitations.  Hot-wire  anemometry 
is  a traditionally  accepted,  highly  refined  method  for  unsteady  flow  studies, 
and  recently  it  was  successfully  used  by  the  FJSRL  to  map  the  vorticity 
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Figure  1.  Unsteady  Seoarated  Flows 
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field  in  a restricted  unsteady  seDarated  region  behind  an  oscillating 
spoiler  on  an  airfoil  surface  (Ref.  2).  However,  the  technique  suffers 
from  two  disadvantages  which  limit  its  usefulness:  (1)  a velocity 
measurement  is  not  absolute,  requires  careful  calibration,  and  makes 
long-term  drift  of  experimental  conditions  a source  of  error;  and  (2)  a 
mechanical  probe  must  be  inserted  into  the  flow,  therefore  inevitably 
disturbing  the  flow  itself,  especially  in  regions  of  reversal. 

LDV  has  become  an  increasingly  attractive  diagnostic  tool  for  the 
investigation  of  fluid  flows  (Ref.  3).  It  makes  an  optical  measurement 
of  velocity  from  the  Doppler  frequency  shift  of  light  scattered  by  particles 
moving  with  the  fluid  and  thus  is  unobtrusive,  absolute,  and  direct. 

However,  the  technique  is  somewhat  complicated  and  expensive.  The  FJSRL 
is  developing  LDV  diagnostics  to  study  dynamic  stall  and  related  unsteady 
separated  flows,  and  this  report  describes  the  in-progress  development  of 
the  LDV  system. 


3.  OBJECTIVES 

The  objective  of  this  research  program  is  to  adapt  a general  purpose 
LDV  two-velocity  component  system  to  dynamic  stall  experiments  in  the 
subsonic  wind  tunnel  facility  at  the  U.S.  Air  Force  Academy.  Features  of 
this  system  include  (1)  specialized  high  frequency  signal  processing,  (2) 
an  inter-actively  controlled  two-dimensional  LDV  translation  support 
structure,  and  (3)  an  interface  with  real-time  disc-based  minicomputer 
data  acquisition  system.  This  report  includes  a description  of  the  pre- 
liminary LDV  system  and  its  special  constraints,  initial  operation  of  the 
system  and  a characterization  of  both  system  signal  and  noise,  and  the 
improvement  of  system  signal  and  noise  reduction,  which  in  turn  suggest  an 
improved  LDV  system. 


4.  LASER  DOPPLER  VELOCIMETRY  (LDV)  SYSTEM 
4.1  General  Considerations 


LDV  is  based  on  the  fundamental  concept  of  a frequency  shift  in 
electromagnetic  radiation  received  from  an  emitting  and  moving  source  by 
a stationary  observer.  In  fluid  apd  ications , the  source  is  a small 
micron-sized  particle  entrained  with  the  moving  fluid  which  scatters  laser 
light  toward  a detector.  The  equation  connecting  the  frequency  difference 
between  this  scattered  light  and  an  unscattered  reference  laser  beam  and 
one  velocity  component  of  the  particle  can  be  derived  from  the  Doppler 
effect.  Doppler  frequency  equations,  descriptions  of  various  LDV  system 
considerations,  and  applications  can  be  found  in  several  references  and 
texts  (Ref.  4). 

Several  different  optical  schemes  that  use  a laser  have  been  developed 
around  this  familiar  Doppler  shift  principle.  The  most  suitable  arrangement 
currently  available  for  many  wind  tunnel  experiments  is  the  dual-beam 
backscatter  technique  (Ref.  5)  shown  schematically  in  Figure  2.  It  has 
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Wind  tunnel 


Figure  2.  Dual -Beam  Backscatter  LDV 


been  adopted  for  this  experimental  study  and  is  used  here  to  elucidate  the 
basic  ideas  of  LDV.  Monochromatic  laser  light  is  divided  into  two  parallel 
beams  of  equal  power.  The  beams  are  focused  with  a transmitting  lens  and 
cross  at  a point  within  the  flow,  called  the  probe  volume.  Particles 
passing  through  the  probe  volume  scatter  light  back  through  the  trans- 
mitting and  collecting  lenses  and  onto  a photomultiplier  tube  which 
provides  an  output  current  proportional  to  the  scattered  intensity.  This 
photocurrent  is  then  received  by  the  data  processing  system.  The  distinct 
advantages  of  this  scheme  for  wind  tunnel  applications  and,  in  particular, 
the  FJSRL  subsonic  wind  tunnel  are  discussed  in  Section  4.2. 

The  mathematical  relationship  between  the  intensity  oscillations 
received  by  the  photomultiplier  and  the  velocity  component  of  a scattering 
particle  can  be  obtained  from  Doppl er-shift  considerations.  However,  for 
a dual-beam  arrangement,  a much  simpler  and  clearer  description  is  obtained 
from  interference  fringe  considerations.  A close-up  schematic  view  of  the 
probe  volume  is  shown  in  Figure  3.  When  the  two  coherent  laser  beams 
intersect,  their  wave  fronts  interfere  constructively  and  destructively  to 
form  a set  of  parallel  plane  fringes  contained  within  the  ellipsoidal 
probe  volume.  The  fringes  are  perpendicular  to  the  plane  formed  by  the 
tv/o  beams  and  parallel  to  the  bisector  between  the  two  beams.  From 
geometry  the  distance  between  the  fringes  6 is 


2 sin  2 


where  6 = fringe  spacing 

A = laser  light  wavelength 
0 = included  angle  between  the  two  beams. 

When  a Darticle  moves  through  the  probe  volume  and  intercepts  the  fringe 
pattern,  it  scatters  light  with  intensity  variations  that  depend  on  fringe 
spacing  and  particle  transit  time.  If  the  transit  time  between  two 
adjacent  fringes  is  x,  then  the  velocity  component  perpendicular  to  the 
fringes  is  just  the  distance  per  time,  given  as 


V • n 


A 1 

2 sin  1 


where  V = particle  velocity  vector 

n"  = unit  vector  perpendicular  to  fringes 
x = transit  time  between  two  adjacent  fringes. 

Then  the  frequency  of  the  scattered  intensity  oscillations  f is  ^ or 


f = 


2 sin  j (v  ' n) 

A 
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which  is  the  same  frequency  obtained  from  the  Doppler  derivation  (Ref.  4). 
This  Doopler  frequency  is  in  direct  proportion  to  a velocity  component. 

For  two-dimensional  studies  a second  velocity  component  orthogonal  to 
the  first  can  be  measured  with  a second  set  of  dual-beams  which  are 
perpendicular  to  the  first  set.  If  different  laser  wavelengths  are  used 
for  the  two  sets  of  beams,  then  two  color-coded  Doppler  signals  will 
represent  the  two  velocity  components  of  a scattering  particle,  provided 
all  beams  cross  at  the  same  point. 

The  dual -beam  backscatter  system  described  so  far  works  well  for 
scattering  particle  velocities  that  have  unambiguous  directions.  However, 
since  the  measured  Doppler  frequency  is  proportional  to  a dot  product  of 
velocity,  it  cannot  distinguish  direction.  That  is,  two  particles  with 
equal  speeds  but  traveling  in  opposite  directions  produce  identical 
frequencies.  This  ambiguity  can  be  removed  by  frequency  shifting  one  of 
the  two  dual  beams,  with  an  acousto-optic  type  Bragg-cell  (Ref.  5).  By 
doing  so,  fringes  in  the  probe  volume  move  in  relation  to  this  frequency 
shift  and  a particle  within  the  probe  volume  near  zero  velocity  will  regis- 
ter a Doppler  frequency  equal  to  the  frequency  shift  imposed  by  the  Bragg- 
cell. Thus,  this  imposed  incident  beam  frequency  shift  provides  discrimin- 
ation between  positive  and  negative  velocity  components.  The  basic 
comDonents  of  the  dual -beam  system  described  here  have  been  incorporated 
into  the  FJSRL  LDV. 


4.2  The  FJSRL  LDV  System 


A feasibility  study  of  an  LDV  system  for  the  USAF  Academy  subsonic 
and  trisonic  wind  tunnels  was  conducted  by  the  FJSRL  (Ref.  7).  The  purpose 
was  to  choose  an  LDV  system  that  could  satisfy  the  special  constraints 
imposed  by  subsonic  and  trisonic  applications,  yet  provide  accurate,  two- 
dimensional  space-time  flow  velocity  capability  at  minimum  cost.  The 
study  included  a detailed  examination  of  many  different  trade-offs  that 
led  to  a preliminary  design  concept.  A summary  of  the  system  constraints 
and  the  preliminary  design,  together  with  some  salient  trade-offs,  are 
presented  here. 


System  Constraints:  The  unsteady  separated  flow  research  exoeriments 
pose  a special  limitation  for  the  LDV  system.  All  dynamic  stall  experi- 
ments are  mounted  vertically  in  the  subsonic  wind  tunnel,  and  the  drive 
mechanisms  for  these  experiments  are  positioned  below  the  wind  tunnel  test 
section  (Figure  4).  For  two-dimensional  studies  this  arrangement  precludes 
optical  entry  into  the  test  section  through  the  side  windows,  the  only 
access  being  through  the  top  of  the  wind  tunnel  test  section.  The  dual- 
beam  backscatter  configuration  is  the  only  logical  LDV  optical  arrangement 
which  satisfies  this  constraint,  since  both  the  incident  and  scattered 
signals  pass  through  the  same  entry  port. 


In  addition,  a dual-beam  backscatter  system  allows  the  collector 
optics  to  be  mounted  on  the  same  overhead  optical  support  structure  as  the 
laser  and  transmitting  optics,  thereby  requiring  only  one  drive  system  and 
eliminating  the  need  for  the  slave  optics  detector  unit  that  would  be 


25-11 


Unsteady  Separated  Flow  - Experimental  Schematic 


required  for  a dual -beam  forward  scatter  optical  arrangement.  The  structure 
designed  for  this  purpose  is  a dual -plane  optical  bench  truss  with  three 
degrees  of  freedom  in  translation  which  allows  the  backscatter  system  to 
scan  the  probe  volume  throughout  the  flow  region. 

Preliminary  Design:  The  preliminary  optical  system  designed  to  meet 
these  constraints  at  minimum  cost  with  existing  state-of-the-art  LDV 
technology  is  shown  in  Figure  5.  A Lexel  Model  95-4  argon  ion  laser 

produces  two  powerful  (1-watt)  visible  lines  at  5145  H (green)  and  4880  A 
(blue)  which  provide  the  color-coded  beams  required  for  simultaneous,  two- 
dimensional  velocity  measurements.  Two  high-power,  multi-layer  mirrors 
turn  the  beam  vertically  onto  an  integrated  optics  assembly  (Thermo-Systems, 
Inc.).  This  assembly  spatially  separates  the  green  and  blue  beams,  aligns 
them,  freauency-shifts  one  green  and  one  blue  component,  and  focuses  the 
four  beams  to  form  a probe  volume  at  the  midspan  position  in  the  test 
section.  The  beams  enter  the  test  section  through  an  AR-coated,  optical 
quality  glass  port  that  reduces  specular  backscatter.  The  backscattered 
light  from  particles  passing  through  the  probe  volume  is  received  by  a 
collection  optics,  photomultiplier  system  housed  in  the  transmitting  optics 
assembly  (Ref.  7,  8). 

Signal  Processing  and  Data  Acquisition:  Two  counter-type  signal 
processing  units  (Thermo-Systems,  Inc.)  analyze  the  blue  and  green  photo- 
multiplier signals  and  produce  both  analog  and  digital  outDuts  repre- 
senting two  velocity  components  (Figure  6).  These  sophisticated  units 
filter  the  Doppler  signals,  measure  the  time  for  a particle  to  cross  a 
specified  number  of  fringes,  and  convert  this  time  to  a velocity.  The 
Thermo-Systems  counter  uses  an  operator-selected  data  validation  scheme 
that  allows  rejection  of  spurious  signals,  thus  reducing  the  data  input 
caused  by  noise  and  eliminating  velocity  bias  from  particles  traversing 
only  a few  fringes  (Ref.  8).  Raw  velocity  data  from  the  signal  processors 
are  supplied  to  a DEC  PDP  11/45  data  acquisition  system  with  disc  storage 
and  real-time  capability.  The  data  acquisition  system  calculates  the  mean 
velocity  components  at  each  position  as  data  is  collected,  and  results  are 
printed  in  real  time.  In  addition,  filtered  Doppler  signals  from  scattered 
particles  are  monitored  on  100  MHz  storage  oscilloscopes.  A separate 
interactive  computer  control  will  command  electric  stepper  motors  to  drive 
the  LDV  optical  support  structure  to  locate  the  probe  volume  at  a specified 
X-Y  position  in  the  flow.  The  data  acquisition  software  and  the  inter- 
active computer  control  are  presently  being  designed. 

4.3  Preliminary  Operation  of  the  FJSRL  LDV  System  - Optics  and  Signal 
Processing 

This  fellowship  effort  concentrated  on  the  preliminary  operation  and 
improved  design  of  the  optics  and  signal  processing  systems.  The  following 
brief  chronology  outlines  these  efforts. 

Laser  and  Mirror  Requirements:  When  initially  operated,  the  argon  ion 
laser  produced  an  output  beam  characterized  by  a donut  mode  (TEMm).  In 
addition,  the  turning  mirrors  used  to  direct  the  laser  beam  into  the 
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figure  6.  Signal  Processing  and  Data  Acquisition 


integrated  optics  assembly  were  of  such  poor  quality  (low  power)  that  they 
further  accentuated  the  undesirable  donut-mode  shape.  Considerable  effort 
was  spent  on  modifying  and  tuning  the  laser  to  achieve  a fundamental  mode 
operation  (TEM00 ) . Further,  the  original  mirrors  were  replaced  with  high 
power,  argon  ion,  single-frequency  laser  mi rrors . These  modifications 
provided  the  high-quality,  fundamental  mode  laser  beam  required  for  LDV 
appl i cations. 

Optical  System  Alignment  (green  beam):  The  next  step  was  to  carefully 
align  the  integrated  optics  assembly  to  provide  a well-defined  probe 
volume  at  midspan  of  the  test  section.  The  probe  volume  was  then  care- 
fully examined  with  a microscope  objective  and  revealed  a well-defined 
fringe  pattern.  When  the  alignment  was  completed,  a preliminary  test-run 
experiment  revealed  a large  noise  and  no  observable  Doppler  signals. 

Noise  Reduction:  The  following  noise  sources  are  coiunonly  found  in 
practice:  (l)  ambient  light,  (2)  scattered  laser  light,  (3)  spurious  laser 
noise,  (4)  photodetector  shot  noise,  and  (5)  electronically  induced  noise. 
Of  these,  the  single  most  troublesome  noise  source  encountered  in  the 
current  experiment  was  that  from  scattered  laser  1 ight--diffuse  and 
specularly  reflected  laser  light  from  the  optical  entry  port,  from  the 
airfoil  surface,  and  from  the  wind  tunnel  floor.  At  this  stage  of  the 
investigation,  it  became  apparent  that  improving  the  signal-to-noise  ratio 
would  present  the  single  biggest  challenge  to  successful  system  operation. 
Other  LDV  dual -beam  backscatter  experiments  report  a similar  difficulty 
(Ref.  5). 

The  scattered  laser  noise  sources  were  systematically  eliminated  as 
shown  in  Figure  7.  First,  diffuse  reflections  from  the  tunnel  floor  were 
deflected  outside  the  collection  optics  solid  angle  by  mounting  a mirror 
flush  with  the  tunnel  floor.  Next,  a beam-Dicker  assembly  was  positioned 
to  intercept  the  first-surface  reflections  from  the  optical  port.  Although 
the  port  was  AR-coated,  these  reflections  still  represented  a noise  source 
larger  than  the  scattering  particle  signals.  Finally,  an  isolation  cone 
removed  additional  stray  and  diffusely  scattered  laser  light.  In  the 
final  design,  the  beam  picker/isolation  cone  assembly  could  possibly  be 
removed  if  the  transmission  lens  is  moved  quite  close  to  the  wind  tunnel 
optical  access  port,  thus  allowing  the  first-surface  reflections  from  the 
port  to  fall  outside  the  collection  optics  solid  angle.  The  scheme 
described  here  is  by  no  means  intended  to  be  a general  procedure  but  only 
demonstrates  the  necessity  for  systematically  eliminating  laser  light 
reflections  in  wind  tunnel  applications. 

Preliminary  Results:  Once  optical  noise  was  reduced  to  tolerable 
levels,  Doppler  signals  were  measured  for  ambient  seeding  levels  in  th*a 
wind  tunnel.  Typical  results  for  two  different  test  section  velocit 
portray  large-signal,  low-noise  Doppler  particle  bursts  (Figure  8 . 
addition  to  reducing  optical  noise,  selective  electronic  filter:  • • 

photomultiplier  signals  greatly  enhanced  the  signal-to-noise  rat 
rates  for  these  measurements  were  typically  200/sec  which  are  or- 
with  the  findings  about  typical  natural  seeding  levels  reDorte- 
wind  tunnel  facilities  (Ref.  5). 


transmitting/collecting  lens 


Figure  7.  Treatment  of  Reflected  Laser  Light  Noise 


Experimental  Conditions 


Test  Section  Velocity  (oitot) 


120  f/s 


LDV  Measured  Velocity 


123  f/s 


Figure  8.  Typical  Donoler  Signals  (green  beam) 
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The  LDV  counter  was  used  to  make  velocity  measurements  of  these 
Doppler  signals  for  a range  of  test  section  speeds  and  comparison  with 
pitot  tube  measurements  is  given  in  Figure  9.  A parallel  procedure  was 
followed  for  the  blue  beam  operation  with  similar  results.  The  completion 
of  these  experiments  represented  the  culmination  of  this  summer's  faculty 
fel lows hip. 


5.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  LDV  system  designed  for  application  to  unsteady  separated  flow 
experiments  at  the  FJSRL  facil ity  meets  all  system  constraints.  Preliminary 
experiments  performed  with  this  system  indicate  that  it  is  possible  to  make 
accurate  velocity  measurements  in  the  flow  field  surrounding  a two- 
dimensional  airfoil  model.  However,  it  was  found  that  accurate  measure- 
ments in  a wind  tunnel  environment  can  be  achieved  only  when  optical  noise 
produced  by  scattered  laser  light  from  wind  tunnel  surfaces  is  reduced  to 
levels  below  scattering  particle  signals.  Recorded  ambient  particle 
seeding  levels  are  large  enough  to  obtain  accurate  mean  velocity  measure- 
ments for  unsteady  separated  flows  at  locations  outside  reversed  flow 
regions.  We  recognize  that  the  interpretation  of  LDV  signals  for  unsteady 
separated  flows  whose  composition  is  influenced  by  particle  size  and 
seeding,  turbulent  flow  content  and  global  unsteady  effects  with  flow 
reversal  pose  special  problems.  Their  solution  will  require  a long  range 
comprehensive  effort  in  the  areas  of  data  management,  discontinuous  signal 
averaging,  and  digital  correlation  techniques,  based  on  signal -to-noi se 
and  sampling  considerations,  and  form  the  first  step  toward  the  goal  of 
understanding  and  modeling  unsteady  separated  flows. 
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Figure  9.  LDV  - Pitot  Tube  Velocity  Comparison 
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The  physical  and  electrccbe c :£L  properties  of  TaJl/AlCl-s  -alt  melts 
rave  ceen  extensively  investigate.  in  recent  years.  These  solutions 
nave  teen  shown  to  exhibit  aary  of  the  pecperti.es  requisite  • a -.heir  an- 
il cation  as  molten  salt  electrolytes  for  primary  battery  systems,  and  a 
thermal  battery  based  upon  this  electrolyte  is  currently  'inder  develop- 
ment.^ 

Very  few  data  are  available  on  the  LiCl/AlCl^  system,  be  v?r.  Tils 
research  was  ’ir.de rtaken  to  determine  physical  properties  of  Iill/Al-11-j 
system  and  the  terwry  system  LiJl/b'aJl/Al  Jl-»  to  pro. ’vie  a tc-r-s  iron 
which  tc  assess  <.he*r  suitability  as  battery  electee  !..•  .cro-  -r:.u. 


PHASE  DIAIHaT  OF  ITS  I--.:.:.../ _T_ 


Phase  transition  phenomena  for  ter  •oid-.io.is  o*  the  Lill/DaCl.iU  .I3 
system  were  investigated  'ey  different*..5..  scanning  calirir.f  r/  cuing  a 
P 3 rkl n — E Xn6 r LSC-2,  The  .is/nrO  c > vots  b^  c^nibiiii  r. i ■.  .t  p TOp^ri 

weights  of  LiCl -saturated  A1C1.-,  .*-?  C'j  -saturate  i A i'll-  a:  if.  ? ive  AICI3. 

"-.j  pi  e .are.  ;io:i  and  purification  of  these  mate -is  Is  nave  seen  described 
elsewhere. 5 The  components  of  earn  »r latter.  '-  Jte  v'-ighui  in  an  ine:rt  at- 
-.c.-ohere  ‘oox  under  ary  or  and  oc--ir.ed  in  a h.-aw  -ulloa  glasr  ' u - 9 , 7-as 
: st  been  removed  cn  a rugb  yr-.ru::.  line  and  tftw  tu-’r  wer»  seals d.  T-e 
mixtures  were  melted,  thorough ly  si;-. urea,  fr.sn  ixelet  ~ni  rot.  rr.ei  to  the 
cry  box  where  the  tubes  were  opera!  ar.i  tne  0? rpir;-  --rij-.d  to  fine  pow-r 
A small  quantity  cf  each  of  the  h jmnre  laous  sampler  ■' -u  1 .a-ed  in  a stain 


less  steel  sample  can  and  sen! ed  id  th-:  dr.  vcx  rt;r  tc 


s..a"ysis. 


Compositions  o*  the  ter  solution  •:,  m.io.v  wit-  -.9  temprrr fires  cf 
their  phase  cnangea,  are  presented  :‘.r  Ta'h  e 1 , 

The  DSC  analyses  curve  :*uv  vm.ti.*  \rer  - -1/5-  ?rcer.t 

LiCl/UaCl/AiCx-jJ  is  reproduced  m 7 igur  ' as  repr.-  tentative  mese  t 
Melting  point  of  the  eutectic  war  doter-’_.jv;  at  shewn,  c *>:* -.  • ••€  a-  * 
drawn  cn  the  maximum  slope  on  the  s p proa  oh  side  cf  the  peak  * the 

interpolated  baseline.  Ihe  temue nature  for  total  meitini  o' 


temperature  (°k) 

FIGURE  1.  DSC  ANALYSIS  OF  SAMPLE  A 


This 


was  determined  by  adaptation  of  a procedure  of  Vassullo  and  Hardin.^ 
temperature  is  taken  to  be  the  ^jint  on  the  baseline  at  the  intersection 
of  a perpendicular  line  passing  through  the  intersection  of  the  steepest 
slopes  on  the  two  sides  of  the  peak. 

In  addition  to  the  scanning  calorimetry  method  of  determining  phase 
transition  temperatures,  some  of  the  solutions  were  subjected  to  conduc- 
tivity measurements.  The  conductivity  varies  linearly  with  temperature, 
but  displays  an  abrupt  change  in  slope  at  the  temperature  of  any  phase 
transition.  The  samples  were  sealed  under  vacuum  into  a conductivity  cell 
constructed  with  platinum  electrodes.  The  cell  was  placed  in  a controlled 
temperature  bath,  and  the  temperature  was  gradually  raised  ( " 2°/hrJ. 
Conductivity  was  determined  by  measuring  resistances,  either  by  use  of 
an  impedence  bridge  circuit  or  by  a circuit  described  by  Clsen  et.  al. ? 
Temperatures  of  the  phase  transitions  determined  by  conductivity  are 
included  in  parentheses  in  Table  1. 

Solutions  numbered  one  through  four  each  contain  50  mole  percent 
AlCl^.  These  solutions  constitute  essentially  a binary  system  of  LLAICI4 
and  NaAlCl^  owing  to  the  strong  interaction  of  chloride  ion  with  AlCl^. 

A preliminary  phase  diagram  for  the  binary  system  has  been  constructed 
from  these  data  and  is  shown  in  Figure  2. 

The  composition  of  the  eutectic  in  this  system  appears  to  be  very 
nearly  at  the  5°  mole  percent  mixture.  Further  confirmation  of  this  compo- 
sition was  made  by  measurement  of  the  eutectic  fusion  enthalpies  in  the 
various  solutions,  A plot  of  fusion  enthalpy  for  the  eutectic  portion 
of  the  samples  against  sample  composition  should  yield  two  straight 
lines  whose  intersection  at  maximum  enthalpy  will  occur  at  the  exact 
eutectic  composition. 

The  DSC  instrument  was  calibrated  against  the  heat  of  fusion  of  tin, 
taken  as  14.45  cal/g.  Areas  under  the  eutectic  fusion  peak  for  each  of 
the  samples  1-4  (cf.  Table  l)  were  converted  to  enthalpies  and  recorded  in 
Table  2,  Fusion  enthalpy  of  a 5O/5O  mole  percent  mix  of  LiAlCl^  and  Na-.lGl^ 
is  also  included  in  this  table,  and  the  data  are  plotted  in  Figure  3. 
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FIGURE  2.  PHASE  DIAGRAM  FOR  THE  SYSTEM  Li AlCl^/NaAlCl/t 
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5O/5O  mole  % 

LiAlGl4/NaAlGl4  17.03 
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NaAlCui  composition 

FIGURE  3,  DETERMINATION  OF  EUTECTIC  COMPOSITION 


VAFCfi  FFESSURSS  IT  TiCl/.laCi/Alllo  : l.TS 


T'.-'s  vapor  pressures  of  •'  re. -otic  ns  • r ill  l i'll  il'Jlq  :t&- 
weri  * .:  u*rmj  tied  within  the  te  • .nr-rr  3 raur.?  f-  -osi  ..  u 

socfrcrlng  to  the  equation  i - - - . -T  ■*•  v • _ -errmineu  .re  vat.-d 
of  least  squares,  and.  the  ocn_  ..tts  A and  • vu.'  -jutod  for  was':  , 

Kea.su re*  ->nts  were  a?de  1',  a cifi  •■“ential  '.•“ussur-a  method,  witu 
pressure  of  these  solutions  t-ariio  JLy  counoerbaiarcmd  try  NaCl/Al 
solutucns  of  known'  -.apor  piei.su.ros. 

'Ihe  differential  pressure  atmiavus  consists  of  ;-c  i so  late  c nmole 
chambers  connected  by  a r.  >.rcury  car.  ...meter.  ai  d • dv.r-r  in  Figu:.~ 


Fire  § rt,'  samples  of  -.ao:  of  the  solu r.s  to 
dot  vne  dry  box  from  apctpria  quant i oh,  : . 

satarv.isi  Ai'Jl^,  and  pure  All'.',  and  were  -r.i. 
partvtus  shown.  In  the  other  arm  was  placed  fi- 
Xj. tu:*E.  of  composition  ecticaLed  to  ro a-. hip  ba' 
capping  apparatus  vac  at- arced,  and  -•  > 

'.re  icy  boa:  and  sc.  coed  tc  a hivh  v»cv- L 


■.  . . were  :.r 


: to  one  :.rm  o. 


rress-  re. 


.is  was  i ■:  ■ c ft.  ;• 


* -a  gar  pressure,  one  apparatus  was  clot  d to  +:•  ■ r.cuur  system.  and.  each 
arm  cf  the  device  was  heated  tc  melt  the  samples.  ft;  samples  were 

sequent!.  : ooled  to  r-.-.r.  temperature,  chon  ••«/..-.  yonad  to  the  vs.s,v.  ; ays* 
:•.  'o  r .i  cvs  recA.tal  v^-  esurv, 

~t’  -resen  i?  r.f  rer_  leal  ore-scum  . r uei  :u~  ini  resolidi;''  it* 


tetroc  .ic  rcaluminate  nel"  s •••'£?  reported  ' . t ? investigation  of  the  Y.  .C1/ 
Alll-j  :.*/?ten,  The  pressure  w..s  shown  to  c-  due  prlnrniy  to  hyirr- en  chio: 
Id&w,  £.  pro 're.  bis  consequence  or  small  traces  of  moisture  in  the  apparatus. 
Tic  melting/ solidifying/ evacuating  sequence  «as  rarrial  or  t approximately 
*j.”e  times  on  each  sample  cefore  .residual  gas  pressure  was  reduces,  tc  ac- 
cep-oatle  limits, 

.rw  1.’. owing  the  renov ••  ..  . residu-l  a?i;  - . ? icparatus  as  sealed  '*• 


c c.  ci.tr  -.ts  f-ia?s  cubes  r:ier  'r^uum  at  * 
•fatl it  . j.nes  on  the  .lia.ns>..a  cf  '-g-ure 


ec  :.v  r. 


rru.i  aou  s wo..  1.*. 


immersed  in  a controlled  .emcovaturc  bath , mi  pres-.urer  •.  -s  rued  -y 
measuring  the  height  of  the  mercury  columns  vf  th  •*.  cathacometer. 


zt- ; ; 


A long  glass  rod  (not  shown  in  the  diagram;  was  sealed  onto  the  ap- 
paratus to  serve  as  a means  of  holding  the  device  in  the  temperature  bath 
and  also  as  a means  of  agitating  the  contents  to  accelerate  temperature  and 
pressure  equilibration.  The  temperatures  were  controlled  to  + 0,01°  as 
indicated  by  a platinum  resistance  thermometer,  and  samples  were  agitated 
at  least  one  half  hour  at  each  temperature  to  insure  equilibration. 

Measurement  of  the  heights  of  each  of  the  mercury  columns  was  made  to 
the  nearest  0,02  mm,  and  the  vapor  pressures  of  the  melts  were  calculated 
from  the  following  relationships 

P = (Hc  " Hs)  137596  + pc  ± ?r(?/3C0) 


where  Hr 


height  of  mercury  surface  in  the  counterbalance  arm  (mm; 


= height  of  mercury  surface  in  the  sample  arm  (mm; 

= density  of  mercury  at  the  temperature  of  measurement 
= vapor  pressure  in  counterbalance  arm  (torr; 

= residual  pressure  at  room  temperature  (torr; 


absolute  temoerature 


The  first  term  of  this  equation  gives  the  pressure  difference  in  the 
two  arms  of  the  manometer,  corrected  to  the  density  of  mercury  at  0°G. 

The  second  term  is  calculated  from  published  data  on  the  NaCl/AlCl^  system,-5 
and  the  third  term  corrects  for  residual  gas  pressure  in  the  system,  and  is 
added  if  Hc  Hs  and  subtracted  if  Hc  Hs  when  measured  at  room  temperature. 

Two  approximations  have  been  made  in  the  method.  The  pressure  due  to 
residual  gas  is  assumed  to  obey  the  ideal  gas  law,  and  no  correction  has 
been  made  for  changes  in  mole  fraction  of  AICI3  in  the  melt  at  different 
pressures.  Errors  introduced  by  the  former  are  considered  to  be  beyond 
the  limits  of  reproducible  measurement  at  these  temperatures  and  pressures. 
It  is  estimated  that  the  differences  between  the  mole  fraction  changes  in 
the  two  cells  of  the  apparatus  would  not  exceed  0.2“?  of  the  total  moles  of 
AICI3.  Maximum  pressure  differences  were  approximately  10C  torr,  and  the 
volumes  of  the  cell  compartments  above  the  samples  were  14,5  +1,5  ml. 
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The  absence  of  detectable  curvature  in  the  graphical  plots  of  vapor  pressure 
further  supports  the  validity  of  these  approximations. 

Data  for  vapor  pressures  of  the  acidic  melts  of  the  LiCl/AlCl-j  system 
are  presented  in  Table  3,  along  with  their  A and  B constants  for  the  equa- 
tion log  P = (A/T)  + 3.  Data  for  the  LiCl-saturated  AlCln  melt  and  for 
the  ternary  mixture  20/20/60  mole  percent  LiCl/NaCl/AlCl^  are  given  in 
Table  4. 

Plots  of  log  P vs.  l/T  for  the  acidic  melts,  including  the  ternary  sys- 
tem, are  included  in  Figure  5.  Measurements  on  each  of  the  solutions  have 
provided  a reasonably  good  straight  line,  and  the  lines  are  very  nearly 
parallel.  In  comparison  with  the  previously  reported  NaCl/AlCl^  system, 
the  vapor  pressures  of  LiCl/AlCl^  solutions  of  corresponding  composition 
at  similar  temperatures  are  roughly  twice  as  great.  For  example,  at  238.19°C 
the  0,65  mole  fraction  AICI3  with  LiCl  has  a pressure  of  1393  torr,  while 
the  corresponding  solution  in  the  NaCl  system  calculates  for  a pressure  of 
635  torr  at  this  temperature.  Likewise,  in  the  0.55  AlCln  melts,  at269.42°C 
the  LiCl  melt  has  a pressure  of  118  torr  while  the  NaCl  melt  has  only  68  torr. 

Vapor  pressure  data  for  the  LiCl -saturated  AICI3  solution  are  plotted 
in  Figure  6.  These  points  show  considerable  scatter,  owing  to  the  very 
small  pressures  measured.  This  is  a basic  melt  ( 1. e. , mole  fraction  of 
AICI3  < 0.5J  and  hence  the  results  need  not  conform  to  those  found  for 
acidic  melts.  The  least  squares  line  determined  for  these  data  is,  however 
closely  parallel  to  the  lines  for  the  acidic  melts. 

DISCUSSION 


The  vapor  pressure  line  for  the  ternary  mixture  20/20/60  mole  percent 
LiCl/NaCl/AlCl-j  falls  below  the  line  for  40/60  LICI/AICI3,  as  expected 
(Figure  5)*  It  does  not,  however,  fall  midway  between  the  40/60  LiCl/AlCl3 
line  and  the  40/60  NaCl/AlCl^  line.  Rather,  the  line  for  the  40/60 
NaCl/AlCl^  melt  in  this  temperature  range  calculates^  to  be  precisely 
coincident  with  that  of  the  20/20/60  LiCl/NaCl/AlCl^  melt. 

Vapor  pressure  data  for  the  10/30/60  LiCl/NaCl/AlClj  solution  are 
presently  incomplete  and  are  not  reported  here,  bit  preliminary  estimates 
suggest  that  the  log  ? vs,  l/T  line  for  this  melt  will  also  lie  coincident 
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Table  3.  Vapor  Pressures  of  Acidic  LiCl/AlCl^  Melts 
Fitted  toi  log  ? = (a/TJ  + 3 


47.5/52.5  mole  % 

LiCl/AlCl3 

45/55  mole 

% LiCl/AlCl-j 

Temperature,  °G  P 

’ressure,  torr 

Temperature, 

°C  Pressure,  torr 

169.47 

4.75 

169.43 

9.96 

179.56 

5.66 

179.63 

13.61 

189.33 

7.15 

134.79 

15.91 

199.12 

8.76 

199.12 

23.60 

199.59 

8.81 

211.87 

33.11 

209.50 

10.92 

223.45 

44.56 

219.17 

13.28 

239.26 

64.22 

219.19 

13.28 

249.29 

79.69 

229.18 

16.50 

259.44 

98.02 

239.03 

19.94 

269.42 

118.25 

249.06 

24.20 

258.95 

29.20 

ft 

= -2590 

268.95 

34.89 

3 

■ 6.86 

A = -2100 
3 = 5.40 


40/60  mole  % LiCl/AlC^ 
Temperature,  °G  Pressure,  torr 

169.72  67.9 4 

179.66  90.74 

189.68  119.10 

199. 44  153.24 

209.73  197.65 

219.09  244. 46 

A = -2462 
3 = 7.39 


35/65  mole  L1C1/A1C13 
Temperature,  °C  Pressure,  torr 


166.95 

311.20 

179.14 

401.07 

186.11 

497.36 

198.90 

633.67 

206.60 

760.47 

218.74 

960.98 

228.76 

1169.72 

238.19 

1392.99 

A = -2131 
3 = 7.31 
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Table  4. 


Vapor  Pressures  for  LiCl-Saturated  AICI3 
and  20/20/60  Mole  Percent  LiCl/NaCl/AlCl 


Tnn  ■ 11 1 ■ 1 * w 1 11 


3 


LiGl-Saturated  AIGIt 

20/20/60  V.ole  % 

LiCl/NaCl/AlCli 

'ecroerature , °G 

Pressure,  torr 

Temperature,  °C 

Pressure,  torr 

169.10 

1.78 

169.47 

30.03 

179.57 

1.07 

179.56 

40.61 

189.64 

4.41 

189.33 

53.52 

189.68 

2.59 

199.12 

70.68 

199.00 

6.18 

199.59 

70.71 

209.76 

5.54 

209.50 

91.17 

209.57 

7.38 

219.16 

115.78 

219.10 

6.50 

219.17 

115.76 

219.32 

9.69 

229.18 

146.66 

229.42 

10.34 

239.03 

183.42 

239.27 

17.72 

249.06 

228.12 

249.4? 

14.18 

258.95 

284,01 

259.33 

15.88 

268.95 

353.52 

269.49 

17.32 

A = -2768 
3 = 6.49 
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with  that  of  the  20/20/60  LiCl/HaCl/AlCl3  melt. 

The  combination  of  information  produced  in  the  vapor  pressure  study 
provides  a description  of  NaCl/AlCl3  and  LiCl/AlCl3  systems  that  is  not 
inconsistent  with  expectation.  First  of  all,  the  vapor  pressures  of  Li 01/ 
AICI3  melts  would  be  expected  to  be  greater  than  these  of  corresponding 
NaCl/AlCl3  melts.  The  small  size  of  the  Li+  cation  renders  greater  covalency 
between  it  and  its  chloride  ion  than  in  the  case  of  NaCI,  Electron  density 
on  the  chloride  of  LiCl  is  thus  reduced,  weakening  its  Lewis  basicity.  Hence 
the  attachment  of  this  chloride  to  AICI3  will  be  weaker,  and  the  vapor  pres- 
sure of  AICI3  above  these  melts  will  be  greater. 

The  vapor  pressures  of  both  NaCl/AlCl3  and  LiCl/AlCl3  solutions  are, 
however,  quite  small  in  the  basic  range  of  composition  {<  AIGI3,.  In  the 
acidic  range  the  magnitude  of  the  vapor  pressures  is  principally  a function 
of  the  strength  of  attachment  of  AICI3  to  AiClij.-  to  give  the  ion  AlgClp". 
.Similar  reasoning  applies  here  also.  Any  covalency  between  the  metal  ion 
and  AlCli;”  will  lessen  the  stability  of  the  AlgClp"  ion,  and  a greater 
vapor  pressure  should  result. 

The  coincidences  of  the  log  P vs.  l/T  lines  for  the  LiGl/'.iaGl/AlG^ 
solutions  of  compositions  20./2Q/60  and  0/40/60  (and  probably  10/30/60; 
can  be  attributed  to  the  fact  that  in  these  solutions  4o  of  the  60  mole  per- 
cent AICI3  can  attach  to  chloride,  and  the  remaining  20  can  form  AlpGl^“ 
with  the  sodium  salt,  NaAlGl^.  That  is,  the  measured  vapor  pressure  of  these 
solutions  is  due  in  essence  to  the  dissociative  tendency  of  the20  mole 
percent  NaAlgCly  present  in  each.  Pressure  dif^er^mces  caused  by  different 
stabilities  of  the  LiAlGlq  and  HaAlCla  would  be  l erceptibly  small  by 
comparison. 

In  mixtures  containing  less  than  20  mole  percent  NaCl,  however,  some 
of  the  AICI3  (above  that  bonded  as  AICI4,-)  could  bond  only  to  LiAlCl^,  forming 
theless  stable  LiAlgCIy.  Hence  vapor  pressures  of  such  solutions  would  be 
higher,  as  is  found  in  the  case  of  the  40/60  LiCl/AlC^.  Here  the  vaper 
pressure  must  be  contributed  essentially  by  20  of  the  60  mole  percent 
AICI3  existing  as  LiAl^Gly. 

If  the  preceding  interpretation  is  correct,  then  a 3O/1O/6O  mole  percent 
LLCl/:!aCl/AlCl3  solution  whould  provide  a vapor  pressure  line  lying  above 
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the  two  (or  three)  coincident  lines  described,  but  below  that  of  the  40/60 
LiCl/AlCl^  line.  This  composition  has  at  the  present  time  not  been  investi- 
gated. 


CONCLUSIONS  AND  R5CCNK2NSATI0N3 

The  utilization  of  ternary  melts  of  the  LiCl/NaCl/AlCl-j  system  as  bat- 
tery electrolytes  shows  considerable  promise.  LiCl/AlCl-j  melts  have  recently 

Q 

been  shown  to  have  somewhat  lower  electrical  conductivities  than  correspon- 
ding melts  in  the  NaCl/AlCl^  system,  and  it  is  likely  that  conductances  of 
the  ternary  mixtures  will  also  prove  to  be  less  than  those  of  NaCl/AlCl-j 
melts.  However,  the  advantage  of  a lower  melting  point  in  the  ternary'  system 
may  well  compensate  for  a slight  loss  in  conductivity.  Conductivities  in 
the  ternary  system  have  not  been  measured,  but  the  melting  point  of  the 
25/25/50  mole  percent  LiCl/NaCl/AlCl^  solution  has  been  shown  to  be  some 
40°  below  that  of  the  NaCl-saturated  AICI3,  a distinct  advantage  for  ther- 
mal 'cattery  application. 

The  significantly  higher  vapor  pressures  of  LiCl/AlClm  melts  compared 
to  their  NaCl  counterparts  imply  that  acid-rich  mixtures  of  these  melts 
will  be  unsuitable  as  battery  electrolytes.  Vapor  pressures  of  the  basic 
melts,  however,  are  low,  and  evidence  suggests  that  the  addition  of  Li Cl 
to  the  NaCl/AlCln  melts  will  not  significantly  increase  vapor  pressures 
as  long  as  the  mole  fraction  of  AICI3  remains  below  0.5. 
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ABSTRACT 

The  USAF  Standard  Base  Supply  System  (SBSS)  is  an  automated  inventory 
accounting  system  used  by  all  Air  Force  bases  to  control  their  supply  functions. 
The  SBSS  can  be  categorized  as  a multi-item,  single-echelon,  continuous  review 
inventory  system  with  stochastic,  multiple  unit  demands,  backordering  and  an 
annual  budget  constraint.  This  research  v/as  concerned  with  mathematical 
inventory  control  models  incorporated  in  the  SBSS.  An  applied  operations 
research  and  systems  design  aporoach  was  taken  in  conduct  of  this  research. 

This  report  follows  the  general  progress  of  the  work.  The  current  SBSS  was 
reviewed  and  modeled  using  a system  flow  diagram.  A search  of  the  related 
inventory  control  theory  and  practice  v/as  made.  A data  analysis  phase  included 
a review  of  SBSS  operating  data  to  estimate  demand  parameters  and  to  survey 
the  system's  operation.  The  data  analysis  phase  also  included  a simulation 
of  various  models  for  controlling  a single-item  inventory  with  a random  demand 
and  lead  time  process.  The  final  study  phase  developed  a technical  study  plan 
for  future  work  reauired  to  design  a cost/effective  SBSS. 

The  major  conclusion  of  this  research  is:  The  SBSS  should  order  more, 
which  in  turn  leads  to  fewer  orders  and  less  shortage  risk.  Implementation  of 
this  recommendation  is  difficult  due  to  budget  constraints.  An  ideal  starting 
point  would  be  the  class  A or  high-sales  items.  A dynamic  systems  model  is 
suggested  to  investigate  the  impact  of  a major  control  model  change  on  the 
S3SS  and  the  wholesale  level  depots. 

A need  for  future  research  is  indicated  in  areas  of  range  modeling,  erratic 
demand  inventory  control,  and  annual  budget  constrained  inventory  policies. 

While  those  areas  of  research  would  be  fruitful,  the  major  task  to  improve  the 
SBSS  is  the  application  of  proven  theory  to  the  problem  at  hand. 


1.  Introduction 

The  USAF  Standard  Base  Supply  System  (SBSS)  is  an  automated  inventory 
accounting  system  used  by  all  Air  Force  bases  to  control  their  supply 
functions.  This  research  was  concerned  with  mathematical  inventory  control 
models  incorporated  in  the  SBSS.  An  apDlied  operations  research  and  systems 
design  approach  was  taken  in  conduct  of  this  research.  This  report  follows 
the  general  progress  of  the  work.  The  current  SBSS  was  reviewed  and  modeled 
using  a system  flow  diagram.  A search  of  the  related  inventory  control  theory 
and  practice  was  made.  A separate  literature  review  paper  was  prepared  and  is 
available  from  the  author.  A data  analysis  phase  included  a review  of  SBSS 
operating  data  to  estimate  demand  parameters  and  to  survey  the  system's 
operation.  The  data  analysis  phase  also  included  a simulation  of  various 
models  for  controlling  a single-item  inventory  with  a random  demand  and  lead 
time  process.  The  final  study  phase  developed  a technical  study  plan  for 
future  work  required  to  design  a cost/effective  SBSS. 

The  motivation  for  this  research  was  a requirement  for  the  Air  Force 
Logistics  Management  Center  (AFLMC) , Gunter  AFS,  Alabama,  to  prepare  oortions 
of  the  Air  Force  General  Implementation  Plan  for  DoD  Directive  4140.44.  That 
directive  is  attempting  to  standardize  the  retail  inventory  management  and 
stockage  policy  of  all  services.  The  directive  resulted  from  a joint  DoD 
working  grcuD,  Retail  Inventory  Management  and  Stockage  Policy  ( RIMSTOP)  which 
was  charted  in  1974  to  review  each  of  the  services  retail  level  supply  systems 
with  a view  toward  recommending  standardized  policies. 

It  is  hoped  that  this  document  will  serve  as  a technical  study  plan  for 
future  related  activities  by  FJSRL  and  AFLMC.  Validation  and  implementation 
of  the  results  of  this  study  will  be  done  primarily  by  AFLMC. 


2.  Objective 

The  objective  of  this  research  was  to  develop  a technical  study  plan 
which,  if  successfully  imolemented,  would  optimize  the  cost/effectiveness  of 
the  SBSS  subject  to: 

1.  the  state-of-the-art  of  inventory  control  theory 

2.  the  annual  stock  fund  budget  constraints 

3.  the  computational  caoabilities  of  the  current  SBSS  computer  hardware 

4.  Department  of  Defense  Directive  4140.44,  "Suoply  Management  of  the 
Intermediate  and  Consumer  Levels  of  Inventory,"  February  28,  1973. 


3.  The  Standard  Base  Supply  System 

The  SBSS  can  be  categorized  as  a multi-item,  single-echelon,  continuous 
review  inventory  system  with  stochastic,  multiDle  unit  demands,  backordering 
and  an  annual  budget  constraint.  The  USAF  Sunply  Manual  (AFM  67-1,  Volume  II, 
Part  Two)  documents  the  SBSS  in  detail.  The  suoply  organization  of  each  base 
uses  a UNIVAC  1050-11  computer  system  to  maintain  records  of  its  base  level 
supply,  eouipment,  POL,  munitions  and  clothing  accounts.  For  the  purpose  of 
this  study,  only  consumable  supplies  are  to  be  considered.  Several  hundred 


27-3 


computer  Drograms  are  used  in  the  functioning  of  the  SBSS.  Those  programs 
are  uniform  for  all  bases  although  the  tyoes  of  inventories  controlled  varies 
wi dely . 

3.1  SBSS  Systems  Flow  Model 

Before  looking  in  detail  at  the  mathematical  models  used  by  the  SBSS  to 
control  inventory  stockage,  a brief  overall  systems  review  may  be  of  benefit. 
Exhibit  1 illustrates  the  primary  flows  of  information,  materiels,  orders  and 
money  associated  with  the  SBSS  using  Forrester's  (61)*  notation.  The  flows 
will  be  individually  discussed  to  review  the  SBSS  purpose  and  operation. 

The  reason  for  the  existence  of  the  SBSS  is  to  facilitate  the  flow  of 
materiels  from  a multitude  of  sources  to  the  base  user  organizations.  Thus, 
first  consider  the  sclid  or  materiels  flow  lines  on  Exhibit  1.  The  SBSS  is 
a retail  organization  much  in  the  same  sense  as  a local  merchant.  The  SBSS 
inventory  is  stocked  by  the  arrival  of  materiels  from  number  of  sources,  such 
as  Air  Force  Depots,  GSA  and  DSA.  In  turn,  items  are  issued  from  the  SBSS 
inventory  to  the  final  consumer.  Many  supply  items  are  not  stocked  at  the 
base,  rather  are  issued  directly  to  the  consumer  upon  receipt. 

Orders  (the  circled  flow  lines)  are  the  driving  force  behind  the  SBSS. 

Two  levels  or  echelons  of  orders  interact  with  SBSS.  Starting  from  the  left, 
the  consumer's  demand  action  results  in  the  submission  of  a requisition  to  the 
S3SS.  Normally  the  requisition  is  filled  immediately  (within  a standard 
operating  cycle)  or,  if  the  requested  materiel  is  not  available,  the  requsition 
is  logged  as  a due-out  for  later  filling.  On  the  right  side  of  the  systems 
flow  model  the  SBSS  generates  orders  for  filling  by  its  suppliers.  These 
orders  are  logged  as  due-ins  and  are  maintained  until  the  arrival  of  the 
materiels. 

Money  (the  dollar  signed  flow  lines),  the  ultimate  driving  force  in  our 
economic  system,  plays  a critical  role  in  the  ooeration  of  the  SBSS.  Although 
somewhat  simplified  in  Exhibit  1,  the  flow  of  money  goes  something  like  this. 
Through  actions  of  0MB,  Congress,  DoD  and  the  Air  Force,  stock  funds  are 
appropriated  to  a particular  Air  Force  base.  Those  funds  are  allocated  in 
turn  to  the  various  base  organizations  for  suoply  requisitioning.  Throughout 
the  fiscal  year  the  base  organizations  use  their  supply  budget  to  draw 
supplies  from  the  SBSS.  The  SBSS  in  turn  purchases  materiels  from  its 
suppliers  using  the  stock  fund  and  other  authorized  accounts.  The  key  element 
in  this  exchange  is  not  the  flow  of  actual  dollars,  but  the  strict  fiscal  year 
budget  limits  placed  on  each  SDending  authority.  At  all  levels,  government 
fund  managers  attempt  to  exactly  spend  to  their  budget  limit  by  the  close  of 
the  fiscal  year.  The  impact  of  this  budget  constraint  will  be  developed 
further  in  section  6.1. 

The  final  and  most  frequently  used  flow  in  this  systems  flow  model 
represents  information  (dashed  lines).  Only  three  key  information  flows  are 
highlighted  in  this  text.  First,  the  item  issue  process  is  controlled  by  the 


The  number  in  brackets  following  an  author's  name  refers  to  the  publication 
year.  See  section  8,  references. 
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SBSS  SYSTEMS  FLOW  MODEL 


requisition  quantity  and  priority  (what  is  needed  and  how  badly),  the  service- 
able balance  (what  is  available),  and  manual  options  to  determine  if  the  stock 
should  be  issued  to  the  customer.  Second,  the  consumer's  demand  action  is 
influenced  by  the  availability  of  funds  in  the  organization's  supply  budget. 
This  influence  grows  as  the  end  of  the  fiscal  year  end  approaches.  Third,  the 
depth  model  is  the  most  intensive  information  user.  Its  specific  information 
needs  are  developed  as  that  model's  operation  is  reviewed  in  detail. 

3.2  SBSS  Depth  Model 

The  SBSS  depth  model  is  used  to  determine  how  much  and  when  to  order. 

DoD  inventory  planners  use  the  term  range  model  to  indicate  procedure  by  which 
it  is  determined  if  an  item  should  be  stocked.  For  the  present  discussion, 
these  two  models  can  be  considered  as  one,  because  the  SBSS  depth  model  may 
decide  to  stock  an  item  at  a zero  level,  hence,  not  stock  it  at  all. 

The  SBSS  depth  model  is  based  on  the  Economic  Order  Quantity  (EOQ)  formula 


EOQ  = / 2DA/IP 

where  D is  the  annual  demand  rate, 

A is  the  cost  per  order  ($5.00), 

I is  the  annual  inventory  carrying  rate  (50°i), 

P is  the  item  unit  price. 

The  EOQ  formula  attempts  to  minimize  the  total  variable  cost  (TVC)  associated 
with  maintaining  the  inventory.  It  should  be  underscored  that  the  SBSS  depth 
model  is  EOQ  based  but  only  in  limited  cases  is  the  exact  EOQ  used. 

Here  is  how  the  SBSS  depth  model  functions. 

1.  Forecast  the  Daily  Demand  Rate  (DDR).  The  DDR  is  updated  at  each 
demand  occurrence  using  a modified  single  component  exponential  smoothing 
procedure.  The  SBSS  maintains  three  statistics: 

a.  current  estimate  of  the  DDR 

b.  the  cumulative  recurring  demand,  CRD 

c.  the  date  of  first  demand,  DOFD 

With  each  new  demand  for  the  quantity,  NO,  the  cumulative  recurring  demand  is 
updated : 


CRD  = CRD  + 'ID 


and  the  new  daily  demand  rate  is  comouted 


DDR  = CRD  / Max  (180,  Current  Date  - DOFD). 
At  six  month  intervals  the  CRD  and  DOFD  are  adjusted 
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CRD  = DDR  • Min  (365,  Current  Date  - DOFD) 

DOFD  = Max  (DOFD,  Current  Date  - 365). 

The  net  effect  of  this  semiannual  adjustment  is  to  convert  the  forecasting  to 
exponential  smoothing  with  a = 0.333.  During  the  six  month  intervals  between 
adjustments,  new  demand  enter  the  forecast  with  an  exponential  smoothing 
constant 

a = N/ ( 365  + N) 

where  N is  the  number  of  days  since  the  last  adjustment.  As  N varies  from  1 
to  132  days,  a ranges  from  1/366  to  1/3. 

2.  Variable  Stockage  Objective  (VSO)  LookuD.  Attachment  A-16  of  AFM 
67-1,  Vol.  II,  Part  Two,  contains  a lookup  table  for  the  determination  of  the 
VSO.  The  VSO  represents  the  number  of  days  demand  to  be  considered  in  the 
EOQ  computation.  VOS's  of  0,  15,  30,  45,  60,  90,  and  365  are  determined  based 
on  stockage  priority  code  (SPC),  number  of  demands  in  365  days  and  total  number 
of  recorded  demands,  number  of  days  since  the  first  demand,  and  the  daily 
demand  rate.  Items  with  an  insufficient  number  of  demands  (2  or  less  if 

SPC  = 1 , 3 or  less  if  SPC  > 1)  are  determined  by  the  VSO  lookup  not  to  be 

stocked.  The  impact  of  the  VSO  is  examined  in  section  5.2. 

3.  Calculate  the  Requisition  Objective  (R0).  The  R0  or  demand  level  is 
the  maximum  desired  inventory  position  (on-nand  inventory,  less  due-outs,  plus 
due- ins) . 

R0  = I NT  (E0Qy0S  + 0STQ  + SLQ  + 0.999). 

The  economic  order  quantity  is  modified  by  the  VSO 

E0Qv0S  = / 2 • DDR  • VOS  • A/I  • P = 4.4  / DDR  ■ V 0S/P 

assuming  A = S5.00  and  I = 50".  The  order  and  ship  (lead)  time  quantity 

(OSTQ)  is  given  by 

OSTQ  = DDR  • OST 

using  a tabulated  order  and  ship  time  (OST)  in  days  based  on  the  item  source 
and  priority. 

The  safety  level  quantity  (SLQ) 

SLQ  = C / 3 • OSTQ 

where  C,  the  safety  factor  (number  of  standard  deviations)  is  set  to  1 which 
implies  an  84"  service  effectiveness  assuming  normal  distribution  for  the  lead 
time  demands  and  the  coefficient  3 has  been  historically  determined  as  the 
lead  time  demand  variance/mean  ratio. 
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The  reorder  point  (RP)  is  given  by 

RP  = OSTQ  + SLQ. 

4.  Calculate  the  Total  Assets  (TA)  and  the  Total  Requirements  (TR). 

TA  = SA  + Due-ins 
TR  = RO  + Due-outs 

where  SB  is  the  serviceable  balance  or  on-hand  inventory. 

5.  Determine  if  an  order  is  to  be  placed  and  the  order  quantity,  Q.  An 
order  is  placed  if 

TA  - Due-outs  < RP. 


The  order  quantity  is 

Q = I NT  (TR  - TA  + 0.5). 

An  analysis  of  the  economic  imnact  of  the  above  algorithm  is  presented  in 
section  5.2. 


4.  Current  Inventory  Control  Theory  and  Practice 

Since  its  development  in  the  early  1900's,  the  economic  order  quantity 
(EOO)  formula  has  perhaos  been  the  most  widely  used  and  the  most  abused 
formula  or  technique  associated  with  the  field  of  operations  research  and/or 
management  science.  The  sources  of  abuse  arise  from  the  EOQ's  underlying 
assumptions  which  seldom  hold  in  practice:  independent  constant,  continuous 
demand  rate,  instantaneous  replenishment,  and  real  order  qualities.  The 
impact  of  violating  these  assumptions  has  been  widely  studied  and  appear  to 
be  most  severe  when  the  demand  rate  is  low  and  sporatic,  the  exact  case 
experienced  with  most  SBSS  items. 

Exhibit  2 illustrates  the  behavior  of  the  ideal  (EOO)  inventory  over  time 
and  a typical  SBSS  inventory  as  generated  by  the  single-item  inventory 
simulator  presented  in  section  5.3.  The  solid  lines  represent  the  on-hand 
inventory,  the  hashed  lines,  the  inventory  position,  on-hand  plus  due-ins. 
Little  similarity  exists  between  the  idea/sawtooth  pattern  and  the  erratic 
SBSS  inventory. 

Gross  and  Schrady  (74)  concluded  an  extensive  survey  of  inventory  theory 
and  practice  by  representing  the  "levels  of  effort"  in  each  as  intersecting 
circles  on  a Venn  diagram.  They  concluded  that  the  area  for  intersection 
between  inventory  theory  and  practice  is  Quite  small  and  clearly  needs  expan- 
sion. It  is  upon  that  need  which  this  research  has  focused. 
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There  currently  seems  to  be  several  general  trains  of  thought  related  to 
multi-item  inventory  control.  The  division  is  most  marked  on  the  nature  of 
the  demands  process.  The  American  Production  and  Inventory  Control  Society 
represents  the  viewpoint  of  industrial  inventory  controllers  who  deal  with 
dependent  demand  items.  Through  the  use  of  large  scale  computer  systems, 
those  inventories  are  managed  using  deterministic  materiels  renuirement 
planning  (MRP)  models.  On  the  other  hand,  controllers  of  independent  demand 
inventories  have  relied  on  the  EOQ  formula.  In  a multi-item  environment  neither 
the  MP.P  nor  the  EOQ  systems  have  been  developed  to  effectively  handle 
constraints,  such  as  budget  and  storage  capacity. 

From  an  inventory  theory  standpoint,  most  frequently  constraints  are 
handled  using  the  method  of  Lagrange  multipliers.  Problems  involving 
constraints,  such  as  the  maximum  or  minimum  inventory  value,  can  be  solved 
provided  the  number  of  items  is  relatively  small.  Such  solution  techniques 
for  a 20,000-item  SBSS  inventory  would  be  computationally  as  well  as  economi- 
cally infeasible. 

The  major  stumbling  block  to  the  imol ementation  of  inventory  control 
theory  to  large  scale  systems,  such  as  the  SBSS,  lies  in  the  handling  of  hack- 
orders  or  shortages  caused  by  lead  time  demand  variability.  The  bulk  of  the 
current  inventory  control  theory  literature  is  addressed  to  this  problem. 

First,  there  is  concern  as  to  how  shortage  costs  should  be  measured  or 
established.  DoD  Directive  4140.44  specifies  that  the  measure  should  relate 
to  the  expected  essentiality-weighted,  time-weighted  requisitions  short.  A 
host  of  other  shortage  measures  are  used,  but  all  present  the  same  costing 
problem.  For  example,  how  does  the  cost  of  being  short  pencils  relate  to 
being  short  aircraft  tires?  Certainly,  the  size  and  duration  of  the  shortage 
must  be  considered  along  with  item  essentiality. 

Second,  how  should  the  inventory  model  incoroorate  the  stochastic  nature 
of  the  lead  time  demand  which  produces  the  shortage?  The  assumptions  leadino 
to  the  EOQ  formula  do  not  consider  this  problem.  Hadley  and  .Jhitin  (63) 
present  a heuristic  approximation  for  the  backorder  case  which  can  be  itera- 
tively solved  for  lead  time  demands  with  computationally  suitable  density 
functions.  The  fact  that  iteration  is  required  makes  this  technique  infeasible 
for  large-scale  inventory  systems.  Later  Dapers  by  Das  (75),  Herron  (66), 

Parker  (64),  and  Presutti  and  Trepp  (70)  have  developed  direct  solution  methods 
involving  curves  fitting  techniques  to  appropriate  the  tail  of  the  lead  time 
demand  distribution.  All  these  papers  assume  the  lead  time  demand  to  follow 
the  normal  distribution.  The  important  general  finding  of  these  researchers 
is  that  significantly  larger  order  quantities  are  required  than  the  EOQ.  This 
extra  inventory  is  ordered  to  offset  possible  shortages  during  future  lead 
times.  The  larger  order  quantities  reduce  the  number  of  orders,  hence  the 
exposures  to  shortages.  Kaplan  (70)  considered  lead  time  demand  distributions 
other  than  normal  and  found  that  the  reorder  ooint  must  increase  with  the  time 
related  backorder  cost,  while  the  order  quantity  may  increase,  decrease,  or 
remain  unchanged  depending  on  the  lead  time  demand  distribution.  These  find- 
ings lead  to  the  conclusion  that  the  average  inventory  must  be  increased  to 
compensate  for  lead  time  demand  uncertainties. 

This  inventory  growth  requirement  leads  to  considering  when  an  item 
should  be  stocked  at  all.  This  ranee  model  concent  (stockage^nonstockage)  is 
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the  most  neglected  in  the  inventory  control  theory  literature.  The  SBSS  range 
model  is  based  on  the  demand  frequency.  Other  factors,  such  as  unit  price, 
ordering,  stocking,  carrying  and  backorder  costs  and  demand  variability, 
should  be  considered  when  the  stockage  decision  is  being  made.  Croston  (74) 
oresents  a general  cost  model  for  stockage  determination.  This  'work  is  far 
from  a point  of  direct  implementation,  thus  presenting  a necessary  area  for 
future  research. 

Most  early  inventory  texts  made  mention  of  an  ABC  classification  of 
inventory  items.  When  inventory  items  are  ranked  by  annual  dollar  sales,  the 
following  general  results  are  usually  found: 

Class  A - the  top  20%  of  the  items  (fast  moving)  account  for  at  least  80" 
of  the  sales. 

Class  B - the  next  30"  of  the  items  (moderately  moving)  account  for  15" 
of  the  sales,  and 

Class  C - the  final  50"  of  the  items  (slow  moving)  account  for  only  5" 
of  the  sales. 

In  manual  inventory  control  systems,  a definite  priority  was  given  the 
higher  classification  items,  while  automated  systems  have  tended  to  treat  all 
items  with  the  same  algorithm.  It  seems  apparent  that  the  control  applied  to 
a dollar  per  year  sales  item  should  be  different  than  a 510,000  per  year  item. 
The  SBSS  and  other  automated  inventory  control  system  do  not  make  any  such 
item  classification  distinctions. 

The  distribution  of  inventory  item  sales  values  have  also  been  found  to 
be  of  computational  importance.  Brown  (S3  and  67)  and  Herron  (75  and  7S)  have 
demonstrated  a lognormal  relationshiD  among  item  imoortance  ratings  and  have 
found  that  the  log  standard  deviation  is  a consistent  descriptor  of  the  nature 
of  oarticular  inventory  types.  These  Droperties  can  be  used  to  make  aggregate 
inventory  calculations  based  on  a small,  carefully  selected  sample  of  inven- 
tory items. 

A final  area  of  inventory  control  theory  which  has  received  little 
research  emphasis  is  that  of  the  budget  cycle  impact.  The  annual  budget 
cycles  of  the  federal  government  and  most  private  enterorises  directly  imoact 
the  ordering  potential  of  the  inventory  controller.  In  addition,  the  inven- 
tory can  serve  as  an  effective  inflationary  hedge  and  production  smoother. 
Deaschner  (75),  Kaolan  (77),  Lansdowne  and  Morey  (73)  and  Lewis  and  Perkins 
(74)  have  all  reported  on  the  general  problem  posed  by  budget  constraints  but 
a unified  theory  has  yet  to  be  developed. 


5.  Analysis 

During  this  research,  several  concepts  were  generated  which  required 
preliminary  validation.  3ecause  of  the  limited  time  involved,  only  manual 
analysis  and  restricted  digital  simulation  were  attempted.  The  AFLMC  had 
available  a set  of  SBSS  data  for  Peterson  AF3  covering  the  Deriod  from  April 
1976  through  March  1977.  Several  aspects  of  that  data  were  manually  analyzed. 
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5.1  Data  Analysis 

First,  the  demand  oatterns  of  a few  items  were  studied.  Tabulations  were 
made  of  the  requisition  frequency  (days  between  requisitions),  the  demand 
quantity  and  the  lead  time.  It  was  assumed  that  the  reouisition  frequency 
would  follow  the  Poisson  distribution  (exponential  inter-requisition  intervals), 
the  demand  quantity  'would  have  a geometric  distribution,  and  the  lead  times 
would  follow  the  normal  distribution.  While  sample  size,  computational  and 
time  limitations  prevented  goodness-of-fit  testing  of  these  hypotheses,  the  data 
seemed  to  generally  fit.  One  positive  indication  of  the  exponential  inter- 
requisition intervals  was  a relatively  close  agreement  between  the  estimates 
for  the  mean  and  the  standard  deviation.  The  fit  of  the  geometric  distribu- 
tion to  the  quantity  demanded  was  also  checked  using  the  mean-variance  property 

Mean  = 1/P,  Variance  = (1-P)/P2 
or 

Variance  = Mean  (Mean-1). 

The  lead  time  demand  mean  and  variance  were  estimated  using  the  mean  and 
variance  estimates  calculated  from  the  sample  data  and  the  formulas  for  the 
lead  time  demand  oarameters  given  by  McFadden  (72). 

ULTD  = ULTUDR  = yLTyRRuU/R 

ffLTD  = yLT°DR  + CLTUDR 

= yLT  (yRRJU/R  + 0RRuU/r)  + aLTyDR 

where  the  subscripts  are  defined  as 

LTD  - Lead  Time  Demand 

LT  - Lead  Time 

DR  - Demand  Rate 
RR  - Requisition  Rate 
U/R  - Units  per  Prequisition 

The  estimates  of  the  lead  time  demand  variance/mean  ratio  varied  from  1.10  to 
9.79  with  an  average  3.73  or  slightly  larger  than  the  currently  assumed  value 
of  3. 

Second,  an  analysis  was  made  to  determine  if  the  composite  sales  volume 
distribution  fits  the  lognormal  distribution  as  suggested  by  Brown  and  Herron. 
Because  the  data  file  contained  in  excess  of  8,000  items  with  demands,  the 
manual  tabulation  cculd  not  include  all  the  inventory  items.  A sample  of  500 
items  was  available.  Of  that  500,  50  items  or  10°  had  annual  sales  in  excess 
of  S550,  the  average  for  all  items  in  the  inventory.  Those  50  items  accounted 
for  98.98r-  of  the  sales.  Using  Herron  (76)  approximate  method,  a log  standard 


deviation  of  2.56  was  found,  which  is  centered  in  the  expected  range  of  2.0 
to  3.0  for  spare  parts  inventories.  Other  computational  techniques  produced 
results  in  a similar  range.  A fitting  of  the  sales  volume  order  items  on 
normal -normal  graph  paper  did  not  produce  an  exact  straight  line.  That  may 
have  been  due  to  the  limited  sample  size  and  the  manual  computational  methods. 

Third,  the  general  validity  or  quality  of  the  SBSS  data  was  surveyed  by 
studying  the  50  items  with  above  average  sales.  It  was  found  that  in  6 of  50 
cases  the  total  assets  greatly  exceeded  the  total  requirements  (overstocked), 
while  in  29  of  50  cases  the  reverse  was  true.  In  the  balance  of  the  cases  a 
rough  balance  was  observed.  In  one  understock  case  with  a requisition  objec- 
tive of  79,  a serviceable  balance  of  1 was  recorded  without  any  due-ins  or 

due-outs.  In  making  this  analysis,  it  was  observed  that  the  most  frequent 

serviceable  balances  were  zero  and  one.  This  was  oarticularly  true  with  items 
having  a large  requisition  objective  (40  or  more).  The  occurrence  of  such  a 
large  number  of  zero  and  one  serviceable  balance  levels  seems  to  indicate  a 
circumvention  of  the  SBSS  logic.  A serviceable  balance  of  one  may  be  used  to 
indicate  the  presence  of  stock  (regardless  of  quantity)  while  a zero  indicates 
a stockout.  Such  an  ooerating  strategy  would  negate  the  functioning  of  the 
SBSS,  but  would  aid  the  inventory  manager  by  understating  the  on-hand  inven- 
tory value  and  hence  increase  the  number  of  annual  inventory  turnovers. 

Another  alarming  finding  in  this  analysis  was  the  small  size  of  the  due-in 
quantities  in  relationship  to  the  E0Q.  One  item  with  an  E0Q  of  11  had  due-ins 

of  3,  2,  5,  6 and  4;  another  item  with  an  E00  of  36  had  due-ins  of  10,  108,  2, 

5,  217,  6 and  20.  Such  erratic  order  Quantities  seem  to  indicate  the  presence 
of  ordering  with  eacn  requisition.  The  AFLMC  has  found  by  simulation  analysis 
that  initially  large  orders  are  required  to  bring  the  inventories  in  line  with 
the  reouisition  objectives. 

5.2  VS0  Analysis 

The  previous  analysis  found  the  order  quantities  almost  always  smaller 
than  the  E00.  The  reduced  order  size  not  only  increases  the  number  of  orders 
and  the  ordering  cost,  but  also  increases  the  exposure  to  shortages  during  the 
lead  time  intervals.  The  most  apparent  reason  for  the  increasing  order 
frequency  was  the  V50  factor  in  the  EOQ  formula.  VS 0 factors  of  90,  60,  ..., 
effectively  reduce  the  E00  to  / 90/365  = 0.50,  v'  60/365  = 0.41,  ...,  of  the 
optimal  size.  Mot  only  does  the  VS0  factor  reduce  the  order  quantity,  but 
the  manner  in  which  the  V SO  determined  E00  is  used  to  calculate  the  requisition 
objective  can  have  a negative  impact  on  the  order  quantity.  This  is  due  to 
the  rule  which  fixes  the  requisition  objective  unless  it  changes  by  at  least 
the  square  root  of  its  original  value.  For  examole,  if  R0  = 18,  then  in  order 
to  change,  the  new  R0  must  exceed  18  ^ 18  = 18  + 4.24,  or  the  new  R0  must  be 

less  than  14  or  greater  than  22.  One  potential  impact  of  the  square  root  rule 
is  that  a decreasing  demand  rate  leads  to  larger  orders,  while  an  increasing 
demand  rate  results  in  smaller  orders. 

To  study  the  impact  of  the  V SO  and  the  R0  square  root  rule,  a standard 
item  example  was  developed  based  on  a composite  of  observed  item  data.  Exhibit 
3 summarizes  the  characteristics  of  the  standard  item.  The  top  third  of 
Exhibit  4 tabulates  the  V SO,  EOQ,  R0,  Minimum  Order  Quantity  (M0Q). 
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Mean 

Variance 

Standard 
Devi ation 

Coefficient 

of 

Variation 

Inter-Requisition  Period 
(Days)  Exponential 

31 

961 

31 

1.00 

Requisition  Rate  (1/Days) 
Poisson 

0.0323 

0.0323 

0.180 

5.57 

Units/Requisition  (Units) 
Geometric 

5 

20.0 

4.47 

0.894 

Daily  Demand  Rate 
(Units/Day) 

0.161 

1.45 

1.20 

7.74 

Order  & Ship  Time  (Days) 
Normal 

21 

49 

7 

0.333 

Order  & Ship  Time  Demand 
(Uni ts) 

3.39 

31  .8 

5.64 

1.66 

Order  & Ship  Time  Demand  Variance/Mean 

Ratio  = 9.37 

Unit  Price,  P = $10.00 
Ordering  Cost,  A = $5.00 
Holding  Cost  Rate,  I = 50% 
Stockage  Priority  Code,  SPC  = 4 


EXH 1 3 IT  3.  - STANDARD  ITEM  STATISTICS 
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STOCKAGE  PRIORITY 

CODE,  SPC 

1 

2 

3 

4 

Initial  Condition 

VSO  (days) 

365 

365 

90 

30 

EOQ  (units) 

10.68 

10.68 

5.30 

3.06 

Requisition  Objective 
(units) 

18 

18 

12 

10 

Minimum  Order  Quantity 
(units) 

12 

12 

6 

4 

Expected  No.  Orders/ 
Year 

4.91 

4.91 

9.81 

14.72 

Expected  Annual  TVC 

70.47 

70.47 

80.00 

99.53 

Maximum  Daily  Demand  Rate 

INCREASE 

Daily  Demand  Rate 
(units/day) 

0.241 

0.241 

0.231 

0.210 

VSO 

365 

365 

90 

60 

EOQ 

13.05 

13.05 

6.34 

4.94 

Requisition  Objective 

18  ( 23  ) 

18  ( 23  ) 

12  ( 22  ) 

10 

( 

21  ) 

Minimum  Order  Quantity 

10  ( 14  ) 

10  ( 14  ) 

4 ( 14  ) 

2 

( 

13  ) 

Expected  No.  Orders/ 
Year 

8.79  ( 6.28) 

8.79  ( 6.28) 

21.06  ( 6.02) 

38.39 

( 

5.91) 

Expected  Annual  TVC 

88.44  (85.90) 

88.44  (85.90) 

134.35  (84.13) 

215.13 

(80.23) 

Maximum  Daily  Demand  Rate 

DECREASE 

Daily  Demand  Rate 

0.100 

0.125 

0.100 

0.093 

VSO 

365 

365 

60 

15 

EOQ 

8.40 

9.40 

3.40  ( 8.39) 

1.64 

( 

8.09) 

Requisition  Objective 

18  ( 14  ) 

17  ( 15  ) 

12  ( 13  ) 

10 

( 

13  ) 

Minimum  Order  Quantity 

14  ( 10  ) 

12  ( 10  ) 

8(9) 

6 

( 

9 ) 

Expected  No.  Orders/ 
Year 

2.60  ( 3.65) 

3.80  ( 4.56) 

4.55  ( 4.04) 

5.63 

( 

3.76) 

Expected  Annual  TVC 

60.55  (55.30) 

63.04  (61.84) 

55.26  (55.24) 

55.25 

(53.36) 

EXHIBIT  4.  - VSO  IMPACT  ANALYSIS 
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Expected  number  of  orders  per  year  (E(N0)) 

E(N0)  = 365  • DDR/MOQ 
and  the  Expected  Annual  Total  Variable  Cost  (TVC) 

TVC  = A • E(N0)  + I • P (0.5  • MOQ  + SLQ) 

against  the  four  stockage  priority  codes  (SPC).  For  the  standard  time  example 
OSTQ  = 3.381,  SLQ  = 3.815  and  thus  RP  = 6.566.  Mote  the  VSO  is  365  for  both 
the  SPC  = 1 and  2,  90  for  SPC  = 3 and  30  for  SPC  = 4.  The  corresponding  EOQs 
are  reduced  about  50%  and  71%  in  the  two  later  priority  groups  and  the  TVC 
increased  by  14"  and  41%.  Mote  also  that  the  minimum  order  quantity  is  equal 
to  EOQ  rounded  up  to  the  next  largest  integer  in  this  warmer: 

MOQ  = I NT  (iNT  (EOQ  + RP  + 0.999)  - RP  + 0.999). 

The  middle  third  of  Exhibit  4 illustrates  the  impact  of  the  largest 
possible  DDR  increase  which  does  not  increase  the  R0,  that  is  the  new  R0  = 22. 
The  DDR  can  increase  from  0.161  by  50,  43,  or  30%  in  the  various  SPC  without 
exceeding  the  RO  square  root  limit.  Notice  the  extreme  difference  between 
the  EOQ  and  the  MOQ  caused  by  the  fixing  of  the  RO  while  the  RP  increases  with 
DDR.  The  numbers  enclosed  in  brackets  indicate  the  statistics  provided  the 
full  EOQ  (VSO  = 365)  were  used  and  the  RO  w as  not  restricted  by  the  square 
root  rule.  In  all  cases,  and  in  particular  the  lower  SPC  cases,  the  optimal 
cost  is  less  than  that  produced  by  the  SBSS  algorithm. 

The  bottom  third  of  Exhibit  4 illustrates  the  impact  of  a declining  DDR 
and  fixed  RO.  Again  the  optimal  TVC  are  consistently  less  than  the  SBSS 
algorithm,  but  the  differences  are  not  as  extreme  as  in  the  increasing  demand 
case. 

A final  footnote  should  be  added  to  this  analysis.  Because  the  analysis 
leading  to  Exhibit  4 was  static,  the  TVC  statistics  do  not  include  backorder 
costs  caused  by  shortages.  If  a backorder  factor  were  included,  its  impact 
would  vary  directly  with  the  number  of  orders  or  inversely  with  the  order 
quantity.  To  more  accurately  model  such  factors,  a single-item  inventory 
simulator  was  developed. 

5.3  Single-Item  Inventory  Simulator 

The  AFLMC  has  available  two  deterministic  simulation  programs  written  in 
SIMSCRIPT  which  can  be  used  to  evaluate  policy  changes  for  the  entire  SD^S 
based  on  actual  demands.  Neither  of  these  simulators  was  designed  to  study 
in  detail  the  impact  of  different  depth  model  configurations  on  the  SBSS 
Derformance  for  a single-item  inventory.  Therefore,  a BASIC  program  was 
developed  to  simulate  the  response  of  three  different  inventory  models  to 
a common  demand  pattern  for  the  standard  item  presented  in  Exhibit  3. 


The  single-item  inventory  simulator  was  programmed  with  three  different 
inventory  control  models. 

1.  The  SBSS  algorithm  (VSO  model) 

2.  A strict  EOQ  model,  e.g.,  V SO  = 365  (EOQ  model) 

3.  A model  based  on  the  results  of  Presutti  and  Trepp  (70)  (Modified  EOQ 
Model).  The  modified  EOQ  formula  is 


/TA  • DDR  • 365 
/ I • P 


+ 


T 


where  a is  the  lead  time  demand  standard  deviation.  The  coefficient  /2  was 
developed  by  fitting  the  tail  of  the  normal  density  function  with  a polynomial. 
The  OSTQ  was  the  same  as  the  VSO  model  while  the  SLQ  uses  the  estimated  lead 
time  demand  standard  deviation,  SLQ  = Co. 

Because  the  Presutti  and  Trepp  model  requires  an  estimate  of  the  lead 
time  demand  standard  deviation,  a forecasting  procedure  had  to  be  incorporated 
in  the  simulator.  Initially,  the  simulated  lead  time  demands  were  tallied  by 
the  program  and  their  mean  and  variance  forecasted  using  exponential  smoothing. 
These  forecasted  statistics  proved  to  be  extremely  unreliable  and  were 
abandoned  as  a potential  application  method.  The  method  finally  adopted  used 
McFadden's  (72)  formula  illustrated  in  section  5.1  with  the  assumed  or  input 
values  for  the  lead  time  mean  and  standard  deviation  and  the  forecasted  daily 
demand  rate  mean  and  standard  deviation.  The  daily  demand  rate  standard 
deviation  was  forecasted  in  a manner  parallel  to  the  SBSS  daily  demand  rate 
forecast. 

The  simulator  exercised  each  model  with  the  safety  factor,  C = 0,  1,  2 
and  3 which  corresponded  to  supoort  effectivenesses  levels  of  50,  84,  95  and 
99"  assuming  a normal  distribution  for  the  lead  time  demand.  All  three  models 
used  the  same  reordering  procedure  as  the  current  SBSS.  The  simulator  was 
initialized  by  simulating  50  demands  to  fill  the  various  order  and  materiel 
pioelines  and  to  establish  the  forecasting  bases.  Following  this  initializa- 
tion, the  counters  and  tallies  were  reset  to  zero  and  the  actual  5000  demand 
or  427  years'  simulation  was  begun.  This  simulation  length,  while  excessive 
compared  to  real  life,  seemed  to  provide  stability  in  the  results.  However, 
no  statistical  confidence  limits  were  computed  to  determine  the  appropriate 
run  lengths.  This  simulation  required  72  minutes  elapsed  time  on  a POP  11/45. 
Considerable  computational  time  reduction  could  be  obtained  by  converting  the 
program  to  FORTRAN  and  using  a faster  computer  system.  A variety  of  statistics 
were  produced  by  the  simulator.  Three  sets  are  presented  for  comparison  in 
Exhibits  5,  6 and  7. 

Exhibit  5 illustrates  the  unit  fill  rate  as  a function  of  the  safety 
factor,  C,  for  each  of  the  three  models  and  the  implied  service  effectiveness, 
assuming  a normal  distribution  for  the  lead  time  demand.  As  expected,  the 
unit  fill  rate  increases  with  the  safety  factor  and  improves  with  the  model 
type.  Note  the  poor  agreement  between  the  service  effectiveness  and  the 
simulated  unit  fill  rates.  Two  reasons  may  explain  this  difference.  First, 
the  lead  time  demand  does  not  follow  the  normal  distribution,  in  fact,  the 
distribution  is  highly  skewed  to  the  right,  perhaps  gamma  or  lognormal.  This 
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skewness  implies  that  a substantial  portion,  say  60  to  70%,  of  the  density 
function  lies  below  the  mean,  while  more  than  1%  lies  above  the  mean  plus 
three  standard  deviations.  Second,  the  service  effectiveness  applies  only 
during  the  lead  time  interval.  In  a well  run  inventory  system,  due-in  orders 
should  only  be  outstanding  a limited  fraction  of  the  time.  For  example,  using 
the  EOQ  model  with  C = 1,  due-in  orders  existed  19%  of  the  time.  Thus,  the 
expected  storage  probability  should  equal  0.19  (1  - service  effectiveness). 

Exhibit  6 illustrates  the  Total  Variable  Cost  (TVC)  of  maintaining  the 
inventory  system  as  a percent  of  the  sales.  TVC  includes  the  ordering' and 
holding  cost  plus  the  implied  time-weighted  backorder  cost,  X,  as  computed  by 

X = (l-o)I  • P/p 

v/here  p = shortage  risk  = 1 - support  effectiveness.  Thus, 


c 

1 -P 

p 

X 

0 

0.50 

0.50 

$ 5.00 

1 

0.84 

0.16 

$ 26.25 

2 

0.95 

0.05 

$ 95.00 

3 

0.99 

0.01 

$495.00 

The  increase  in  TVC  with  C is  primarily  due  to  the  increased  backorder  cost, 
in  spite  of  the  fact  that  the  actual  number  of  backorders  was  observed  to 
decrease.  It  is  significant  to  note  the  decrease  in  TVC  with  the  model 
increase. 

Exhibits  5 and  6 demonstrate  the  advantages  of  the  E00  model  over  the  VSO 
model  and  in  turn  the  modified  EOQ  over  the  standard  EOQ.  Unfortunately,  this 
gain  has  associated  with  it  larger  order  quantities  which  imply  larger  on-hand 
inventories.  Exhibit  7 illustrates  this  in  terms  of  the  average  number  of 
annual  inventory  turnovers. 

Several  points  should  be  made  concerning  the  results  of  the  simulation 
analysis.  First,  from  Exhibit  5 it  should  be  noted  that  the  curves  for  each 
model  are  relatively  flat  or  insensitive  to  the  safety  factor.  Indeed  the 
model, or  more  accurately  the  order  quantity,  has  about  the  same  impact  as  the 
safety  factor.  It  appears  that  this  is  due  to  the  erratic  demand  pattern  of 
the  standard  item  and  may  indeed  be  true  for  most  SBSS  items.  Thus,  it 
appears  undesirable  to  consider  safety  factors  other  than  the  current  value 
of  1.  Second,  note  on  Exhibit  6 that  TVC/sale  % of  the  VSO  model  with  C = 1 
is  7.9%,  while  the  modified  EOQ  model  with  C = 3 has  a cost  of  only  6.5%. 

Thus,  the  TVC  cost  could  actually  be  reduced  while  the  unit  fill  rate  increased 
from  75.6  to  98.4%  (see  Exhibit  5).  A clear  advantage  exists  for  replacing 
the  current  VSO  model  with  either  the  EOQ  or  modified  EOQ  models.  The  impact 
of  implementing  such  a change  is  developed  in  section  6. 
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EXHIBIT  7.  - SIMULATION  ANALYSIS  - ANNUAL  INVENTORY  TURNOVERS 


6.  SBSS  Systems  Design 

The  objective  of  this  research  project  was  to  develop  a technical  plan  or 
systems  design  structure  for  future  SBSS  improvements.  Exhibit  8 illustrates 
a general  model  for  SBSS  systems  design.  This  model  highlights  the  objective, 
constraints,  criteria,  requirements  and  alternatives  which  currently  seem 
appropriate  to  the  SBSS  design  task.  As  indicated  by  the  tradeoff  loop,  any 
of  these  elements  are  subject  to  change  over  the  course  of  the  design  activity. 
The  systems  design  model  can  be  used  to  discuss  the  current  state-of-the-art 
in  terms  of  the  indicated  requirements  and  alternatives, 

6.1  SBSS  Systems  Design  Requirements 

The  first  requirement,  the  range  model,  is  currently  based  on  demand 
frequency  and  item  priority.  As  such,  it  is  a variance  with  DoD  Directive 
4140.44  which  desires  an  economically  based  range  model.  A statistical  model 
is  suggested  as  a third  alternative.  The  statistical  model  would  consider  the 
item's  demand  pattern  characteristics , as  well  as  the  variable  costs  and  the 
item's  essentiality.  For  many  items  the  critical  point  in  determining  the 
stockage  policy  may  well  be:  Can  the  user  wait  for  the  item  to  be  ordered 
from  the  depot?  Due  to  the  lack  of  a unified  theory  for  item  stockage,  the 
range  model  represents  a critical  area  for  basic  research.  One  avenue  to  this 
research  is  the  A-B-C  classification  of  inventory  items.  Only  items  in  the  C 
or  low-usage  classification  need  to  be  seriously  considered  for  non-stockage. 
The  specific  task  of  designing  an  SBSS  *-ange  model  is  closely  associated  with 
the  depth  model  and  thus  they  must  be  studied  as  an  integrated  pair. 

The  depth  model  requirement  lacks  little  as  far  as  available  theory  with 
exception  of  modeling  for  erratic  or  lumpy  demands  which  unfortunately 
characterize  the  SBSS,  The  single-item  simulation  analysis  reported  on  in 
section  5.3  indicated  the  potential  improvements  of  switching  from  the  VOS 
model  to  either  the  EOQ  model  or  the  modified  EOQ  with  backorders.  These 
results  should  be  validated  using  the  currently  available  SBSS  simulators. 

In  addition,  information  is  required  concerning  the  nature  of  the  demand 
processes  and  the  lead  time  demand  distribution  for  full  implementation  of  a 
depth  model  which  considers  backorders.  A separate  study  addressing  those 
problems  is  currently  underway  at  the  Air  Force  Academy.  If  that  study 
concludes  the  lead  time  demand  distribution  to  be  other  than  normal,  then  a 
curve  fitting  analysis  must  be  performed  to  find  the  appropriate  coefficient 
for  the  modified  E00  formula.  Also,  new  service  effectiveness  parameters 
must  be  determined  for  the  appropriate  lead  time  demand  distribution.  At 
present  and  for  the  foreseeable  future,  there  appears  to  be  no  need  nor 
practical  means  of  simultaneously  determining  the  order  quantity  and  the 
reorder  point  for  all  the  SBSS  items. 

Another  point  of  concern  related  to  the  SBSS  depth  model  and  the  simulated 
alternatives  is  the  way  the  reorder  point  and  order  quantity  are  applied.  At 
present  the  reorder  point  is  always  rounded  down  or  truncated.  This  consis- 
tently understates  the  safety  level  quantity.  In  addition,  it  may  be  desirable 
to  increase  the  reorder  point  one-half  of  the  average  reauisition  size  to 
compensate  for  overshooting  due  to  multi-unit  demands.  Correcting  the  reorder 
point  rounding  problem  would  also  correct  the  tendency  to  over  roundup  the 
order  quantity.  Because  many  SBSS  due-ins  are  for  a few  items,  an  adjusted 
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rounding  scheme  may  be  of  benefit,  see  Brown  (67),  page  49.  This  rounding 
correction  should  be  applied  to  the  unit  pack  algorithm. 

The  forecasting  module  is  required  to  predict  the  future  demand  rate. 

The  current  modified  exnonential  smoothing  method  appears  to  be  an  anpropriate 
"naive"  or  no  external  information  method  for  forecasting  the  mean  daily  demand 
rate.  A similar  method  could  forecast  the  daily  demand  variability.  Future 
depth  and  range  models  may  also  require  an  enhancement  of  the  requisition  rate 
forecasting  method.  The  single-item  simulation  analysis  has  indicated  that 
direct  lead  time  demand  forecasting  may  be  of  little  practical  value. 
Intelligent  forecasting  techniques  which  incoroorate  mission  changes  and  new 
systems  information  should  be  considered  whenever  possible  in  the  SBSS. 
Efficient  means  of  merging  such  information  with  past  demand  data  for  a large 
number  of  items  deserves  further  research.  Group  theory  might  also  be 
considered  as  a means  of  jointly  forecasting  the  demand  for  similar  items. 

An  SBSS  quality  control  module  is  an  apparent  need  which  was  identified 
during  the  data  analysis  phase.  Although  never  validated  by  field  audit,  the 
large  portion  of  zero  and  one  serviceable  balances  seemed  to  indicate  a misuse 
in  the  SBSS  logic.  A tighter  cycle  counting  scheme  may  present  one  solution. 
Validation  algorithms  within  the  SBSS  and  at  the  depot  level  could  check  the 
operating  characteristics  against  aDDropriate  standards.  External  audits  of 
the  SBSS  may  be  the  most  expensive  and  painful,  but  may  at  least  be  required 
on  a sample  basis  to  determine  the  validity  of  the  current  SBSS.  Such  an 
audit  may  disclose  that  the  present  system  is  sufficiently  accurate  to  require 
no  additional  quality  control  functions. 

The  budget  control  module  requirement  represents  the  most  potential  for 
future  inventory  control  research.  No  doubt  the  current  VSO  model  was  imple- 
mented as  a budget  control  technique,  with  less  inventory  being  carried  for 
the  low  demand  and  priority  items.  Unfortunately,  the  major  impact  of  the 
VSO  model  seems  to  be  a reduced  unit  fill  rate  and  an  increased  total  variable 
cost.  A comprehensive  budget  control  module  should  distribute  the  funds 
available  for  safety  level  inventories  according  to  item  priority.  In  addi- 
tion, it  should  expand  or  contract  the  stockage  policy  to  react  to  remaining 
funds  in  the  annual  budget  cycle.  Much  fundamental  research  is  required  to 
develop  this  area  of  inventory  theory.  The  lognormal  inventory  item  importance 
relationshiD  seems  to  be  of  potential  benefit  in  this  area  of  analysis.  The 
listed  alternatives  simply  suggest  some  potential  solution  avenues. 

6.2  Technical  Plan 

Much  work  remains  to  be  done  to  improve  the  SBSS  to  its  fullest  potential. 
The  work  varies  from  the  development  of  fundamental  inventory  control  theory 
in  the  areas  of  range  modeling,  lumpy  demand  depth  modeling  and  budget  control 
techniques  to  the  application  of  known  goodness-of-fi t analysis  techniques  to 
determine  the  lead  time  demand  distribution  and  to  validate  the  lognormal  item 
imDortance  distribution.  Exhibit  8,  the  S3SS  systems  design  model,  should 
serve  as  general  guide  for  future  work.  Current  priorities  should  focus  on 
the  depth  model  and  the  quality  control  module  followed  by  the  range  model  and 
finally  the  budget  control  module.  This  ordering  roughly  corresponds  to  a 
decreasing  scale  of  current  theoretical  knowledge  and  follows  the  philosophy 
of  applying  first  what  is  known  before  additional  knowledge  is  sought.  This 
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ordering  should  not,  however,  preclude  the  initiation  of  basic  research  efforts 
in  the  range  model  and  budget  control  module  areas.  Little  additional  work  is 
foreseen  in  the  forecasting  area  with  exception  of  the  previously  noted 
problem  of  interfacing  demand  intelligence  with  demand  data. 

6.3  Analytical  Needs 

As  previously  mentioned,  two  SIMSCPIPT  simulation  models  are  available  to 
test  the  operation  of  the  SBSS  against  a historical  demand  pattern.  In  addi- 
tion, the  single-item  inventory  simulator  developed  by  this  effort  should  be  a 
valuable  analysis  tool  when  converted  to  FORTRAN  and  when  the  statistical  distri- 
butions are  validated.  This  combination  of  models  along  with  the  lognormal  item 
importance  relation  techniques  suggested  by  Brown  and  Herron  should  be  suffi- 
cient to  evaluate  the  impact  of  SBSS  on  a single  Air  Force  base. 

It  seems  quite  evident  that  the  major  impact  of  the  suggested  changes 
will  be  to  increase  the  inventory  size.  In  order  to  accomplish  this  change, 
the  base  stock  fund  budgets  may  require  a substantial  one-time  increment. 

After  this  initial  period,  the  SBSS  should  return  to  its  normal  annual  dollar 
ordering  volume.  In  addition,  the  number  of  orders  olaced  by  the  SBSS  should 
be  substantially  reduced  with  the  implementation  of  the  new  model.  This 
should  result  in  a decreased  staffing  at  both  the  SBSS  and  depot  level.  Prior 
to  implementing  such  a major  change  with  significant  impacts  at  both  the  base 
and  deoot  level,  it  is  recommended  that  a dynamic  systems  model  be  constructed 
along  the  lines  of  Exhibit  1.  Such  a model  would  indicate  the  staffing  and 
budgeting  imDact  over  a several  year  planning  horizon.  If  properly  constructed, 
the  dynamic  systems  model  should  be  of  benefit  in  justifying  the  initial 
budget  increases  required  to  bring  the  base  inventories  to  their  optimal  levels. 


7.  Conclusions  and  Recommendations 

Briefly  stated,  the  major  conclusion  of  this  research  is:  The  SBSS  should 
order  more,  which  in  turn  leads  to  fewer  orders  and  less  shortage  risk. 
Implementation  of  this  recommendation  is  difficult  due  to  ever  present  budget 
constraints.  An  ideal  starting  point  would  be  the  class  A or  high-sales  items. 

While  some  potentially  fruitful  areas  for  SBSS  related  basic  research 
have  been  indicated,  the  major  task  to  improve  the  SBSS  is  the  application  of 
proven  theory  to  the  problem  at  hand.  To  that  end,  it  is  suggested  that  the 
Air  Force  undertake  an  expanded  effort  to  instruct  its  logistics  personnel  in 
the  theory  and  practice  of  inventory  control.  The  American  Production  and 
Inventory  Control  Society  is  actively  involved  with  such  an  educational  program 
for  industrial  inventory  planners  and  may  be  capable  of  offering  assistance  to 
the  Air  Force. 


27-25 


8.  References 

Brown,  Robert  Goodell.  "Estimating  aggregate  inventory  standards.  Naval 
Res.  Logist.  Quart.,  10  (1963),  pp.  55-71. 

Brown,  Robert  G.  Decision  Rules  for  Inventory  Management.  New  York:  Holt, 
Rinehard,  and  Winston,  1967. 

Croston,  J.  D.  "Stock  levels  for  slow-moving  items."  Opl . Res.  Quart.,  25 
(1974),  pp.  123-130. 

Daeschner,  William  Edward,  Jr.  Models  for  multi-item  inventory  systems  with 
constraints.  Naval  Postgraduate  School,  AD-A013466,  June  1975. 

Das,  Chandrasekhar.  "Some  aids  for  lot-size  inventory  control  under  normal 
lead  time  demand."  AIIE  Trans.,  8 (1975),  pp.  77-79. 

Forrester,  Jay  W.  Industrial  Dynamics.  New  York:  John  Wiley,  1961. 

Gross,  Donald  and  David  A.  Schrady.  "A  survey  of  inventory  theory  and 

practice."  Modern  Trends  in  Logistics  Research  Proceedings  of  a Confer- 
ence Held  at  the  George  Washington  University,  1974.  Cambridge, 
Massachusetts:  MIT  Press,  1976,  pp.  248-295. 

Hadley,  G.  and  T.  M.  Whitin.  Analysis  of  inventory  systems.  Englewood  Cliff, 
NJ:  Prentice-Hall,  Inc.,  1963. 

Herron,  David  P.  "Use  of  dimensionless  ratios  to  determine  minimum-cost 

inventory  quantities."  Naval  Res.  Logist.  Quart. , 13  (1966),  pp.  167-176. 

Herron,  David  P.  "Industrial  engineering  aDplications  of  ABC  curves."  AIIE 
Trans.,  8 (1975),  pp.  210-218. 

Herron,  David  P.  "A  comparison  of  techniaues  for  multi -item  inventory 
analysis."  Prod.  & Inv.  Man.,  19  (1st  Qtr,  1978),  pp.  103-115. 

Kaplan,  Alan  J.  "The  relationship  between  decision  variables  and  penalty  cost 
parameter  in  (Q,R)  inventory  models."  Naval  Res.  Logist.  Quart.,  19 
(1970),  pp.  253-258. 

Kaplan,  Alan  J.  Retail  stockaae  policy  under  budget  constraqnts.  U.S.  Army 
Logistics  Management  Center,  Inventory  Research  Office.  IRO  report  241, 
AD-A041 308 , June  1977. 

Lansdoune,  Zachary  F.  and  Richard  C.  Morey.  Multi -item  planned  orocurement 
and  spot  buy  Drocedures.  Control  Analysis  Corp.,  AD-757058,  February 
1973. 

Lewis,  Richard  Earl  and  Robert  Darol  Perkins.  An  investigation  of  variable 
operating  and  safety  level  (VOSL)  stocking  and  funding  Dolicy.  Naval 
Postgraduate  School,  AD-776303,  March  1974. 

Parker,  Lawrence  L.  "Economic  reorder  quantities  and  reorder  points  with 
uncertain  demand."  Naval  Res.  Logist.  Quart.,  11  (1964),  pp.  351-358. 

Presutti,  Victor  J.,  Jr.  and  Richard  C.  Trepp.  "More  ado  about  economic  order 
quantities  (EOQ)."  Naval  Res.  Logist.  Quart.,  19  (1970),  pp.  243-251. 


27-26 


1978  USAF-ASEE  SUMMER  FACULTY  RESEARCH  PROGRAM 


sponsored  by 

THE  AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 
conducted  by 

AUBURN  UNIVERSITY  AND  OHIO  STATE  UNIVERSITY 

PARTICIPANT'S  FINAL  REPORT 


ENGINEERING  EQUATIONS  VERIFICATION  STUDY: 


Prepared  by: 

Academic  Rank: 

Department  and  University: 

Assignment: 

(Air  Force  Base) 
(Laboratory) 

(Division) 

(Branch) 

USAF  Research  Colleagues: 
Date: 

Contract  No: 


X-RAY  DEPOSITION  ANALYSIS 


Philip  Feinsilver 

Assistant  Professor 

Dept,  of  Mathematics 
Southern  Illinois  University 

Edwards  AFB 

Edwards  AFB  Rocket  Propulsion  Laboratory 
LKCP 

G.  Allen  Beale 
August  11,  1978 
F44620-75-C-0031 


ABSTRACT 

We  are  considering  calculations  for  estimating  the  effects  of 
x-rays  on  materials  that  are  important  for  engineering  design. 
Specifically  we  discuss  calculation  of  surface  dosage,  dose  profiles 
and  front-face  mass  removal . 

For  these  calculations,  present  computer  codes  are  over-elaborate 
while  simplified  engineering  design  equations  are  of  questionable 
accuracy.  We  present  accurate  methods  that  are  suitable  for  programmable 
electronic  hand  calculators  with  magnetic  card  capability. 

We  include  tables  of  ranges  of  percentage  errors  of  results  from  the 
design  equations  and  of  our  approximations  from  calculated  ("exact") 
values. 
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the  computations,  programing,  and  writing  the  Appendix. 
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INTRODUCTION 


We  are  interested  in  calculating  the  effects  of  x-ray  radiation  on 
materials.  For  simplicity,  we  assume  x-rays  impinging  on  the  surface  of 
a homogeneous  material,  the  source  being  an  ideal  black-body  at  temperature 
T,0K.  We  then  would  like  to  calculate: 

(1 ) Surface  dosage 

(2)  Dose  profile  - how  dose  varies  with  distance  from  surface 

(3)  Front-face  mass  removal  - due  to  melting  and  vaporization 
Further  effects  involve  back-face  spall,  buckling,  and  debonding  of 
composite  materials. 

We  will  discuss  in  detail  (1)  - (3).  We  will  present  comparison  of 
calculated,  "exact",  results  with  those  from  engineering  design 
equations  [4],  0{J.  Some  analytical  approximations  somewhat  less 
complicated  than  those  extant,  e.g.  in  [s],  are  given  and  comparisons 
presented. 

Our  main  results  are  (a)  that  the  calculation  of  (1)  and  (2)  can  be 
readily  done  "exactly"  - l.e.  exactly,  given  a standard  theoretical  model  - 
on  a programmable  hand  calculator  comparable  to  the, say,  TI-59  and 
(b)  that  we  give  relatively  simple  analytical  approximations,  suitable 
for  a hand  calculator,  that  are  efficient  and  reliable. 

The  appendix  includes  a discussion  of  the  calculator  programs  and  the 
listings. 


_ 
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PART  I.  THEORETICAL  SETTING.  BASIC  CALCULATIONS. 

X-RAY  ABSORPTION  OF  BLACK-BODY  RADIATION 

Planck's  radiation  formula  can  be  expressed  as  follows: 

We  assume  an  ideal  black-body  at  absolute  temperature  T'  radiates 
photons.  Define  a "black-body  temperature"  T = kT ' kev,  where  k is 
Boltzmann's  constant  in  appropriate  units.  Planck's  relation  says  that 
radiation  of  frequency  v has  energy  E = hv  which  we  take  in  kev.  In 
terms  of  the  dimensionless  variable  u = E/T  we  have  the  function  for 
black-body  radiation  intensity 

BaT4  E (u ) = ctT4Bu3 (eu-l )~ 1 

where  a is  the  Stefan-Boltzmann  constant  and 

B'1  = /*  u3  (eu-  If1  du  = c(4)r(4)  = W15 

4 

Thus,  since  cT  is  the  total  flux,  BE(u)  is  the  normalized  density 
function  of  the  incident  flux  as  a function  of  u. 

Consider  now  a material  of  density  o gm/cm  with  absorption  coefficient 

v(E).  Then  the  dose,  actually  dose  per  fluence,  at  a depth  x cm  is  [*fl » H • 

Dt(x)  = B /"  ue’yDXE(u)du  (cal/am  per  cal/cm  ) 
i o 

The  function  log  y has  been  empirically  determined  and  analytically  expressed 
as  a function  of  log  X,  x being  wavelength,  e.g.  by  linear  and  cubic  [] 
approximations.  We  assume  in  the  following  that  we  have  exactly,  as  in  [?], 

u = Cxn 

hr  1 1 ? 0 OR 

If  we  set  t = TQG-0e-  J = — ^ (a  "temperature  wavelength")  then 

_ - n -n 
u - Ct  u 

Finally,  defining  the  virtual  depth 

t = pxCt0 


we  have 


D^x)  = B(px)'1/”  tu‘n  E(u)  e"tu  "du 

= B(px)~  /”  tub  (eu  - 1)"  e”tu  du 
where  b = 3-n. 


Remarks.  1.  It  is  important  to  remember  that C and  n and  hence  t are 
functions  of  u - they  vary  discontinuously  across  absorption  edges. 

2.  n varies  from  2.1  to  2.83j for  one  edge,  n takes  values 
2.6628  and  2.83. 

Our  problem  is  how  to  calculate  this  integral  as  a function  of  x and  T. 


SURFACE  DOSAGE 

At  the  surface  x = 0 we  have 

Dt(0)  = B /"  CTn  ub  (eu-l  )_1  du 

i o 

If  there  are  no  absorption  edges,  this  integral  is  exactly  BCtn  times 
c(l+b)r(l+b),  where  c = Riemann's  zeta  function  and  r = the  standard 
gamma  function. 

With  edges,  we  simply  integrate  over  the  intervals  between 
successive  edges  and  sum  the  results  over  the  intervals. 

Theoretically  there  is  no  problem,  since  the  integrand  at  zero  is 
like  u2  n with  n <3  and  like  e u at  infinity.  However,  when  integrating 
numerically  we  would  like  a function  to  be,  say,  c”,  i.e.  having  all 
derivatives  continuous,  at  0.  Specifically,  our  approach  is  to  use 
20-point  Gaussian  quadrature  from  0 to  30;  omitting  the  rest  of  the 
integral,  beyond  30,  leaves  a negligible  percentage  error. 


We  observe  that 


UV  - it1  . 


b-1  / u , ,-l  b-1  °?  B.  k 

u u(e  - 1 ) = u l ku 

0 k! 


where  B^  are  the  Bernoulli  numbers.  This  series  has  radius  of  convergence 


28-6 


2 it  since  the  nearest  pole  is  at  2ni . The  series  alternates.  Thus 


we  have  the  estimate,  see  [■]  page  805,  e^.  23.1.15. 

|Rn|  < 2.1  (u/2ir )N 

for  the  remainder  of  the  series  after  N terms. 


N even  > 6, 


We  use  the  series  for  0 < u < 1 through  N = 6 for  our  computations. 


Thus, 


r1  b,  u , 4-1  1 

;o  U (e  ' b " 2(l+b)  T 1 2 ( 2+b ) " 720(4-* 

Then  we  can  integrate  for  u > 1 by  Gaussian  quadrature. 


30240 ( 6+b 1 


The  asymptotic  expansion  for  I (x),  an  incomplete  gamma  function, 

a 

I (x)  3 K uae'u  du  = xae  X[l+ax  ^+a(a-l)x  ^ +...],  as  x — > <=°, 

a X 

is  useful  for  estimating  values  and  errors. 


r ..v-ir1  - />a?e-k“ 

X ^ 1 

= Ia(x)+2_a‘1Ia(2x)+3'a'1Ia(3x)+... 


/”  ua(eu-l )"  < (l-e‘x) 


-x,-1  I (x)  = xa  (ex-l )”"  [1+f +...]. 


r3Q  u (e  -1 )"  < 1.7  x 10" 

The  Bernoulli  approximation  and  numerical  integration  is  an  efficient  way  to 
compute  D-|.(0). 


DOSE  PROFILES 


For  X>0,  the  integral  for  DT(x)  can,  theoretically,  be  directly  computed. 

_ £«j  “ n 

However,  for  small  t the  damping  effect  of  the  term  e near  zero  is  not 
strong  enough  to  allow  accurate  numerical  computation  since  u^  (eu-l)  still 
diverges  at  u=0. 


To  improve  convergence  we  integrate  by  parts.  We  have,  for  an  interval 
I.  (B_1Px)  (x)  = /jt  ub  (e"-!)'1  e-tu'n  du 

- //(e-.lf1  d(e'tU"n)/n 

s u4  (eu-l  )”^  e"tu  n /n  | - /“  #( u)  e'tu  ° du/n 

I 0 

Where  <!(u)  = (u  (eu-l  )_1 ) * . Here,  I is  an  interval,  between  successive 
absorption  edges,  over  which  t and  n are  constant.  Since  u4  (e0-!)'1—  u3 
and  analytic  at  zero,  /S(u)^~3u3  at  zero  so  that  even  without  the  damping 
term  the  integrand  is  smooth  there.  To  compute  Dy  (x)  we  integrate  from  C 
to  30,  integrating  numerically  for  each  I and  summing  the  results  over  all 
intervals. 

FRONT- FACE  MASS  REMOVAL 

The  deposition  of  x-ray  energy  in  a material  will  cause  high  heat  in  turn 
inducing  melting  and  vaporization.  We  assume  the  material  is  at  an  ambient 
temperature  TQ  °C.  Let  cp  = specific  heat  in  cal/gm°C,  Em  = enthalpy  through 
melt  (starting  from  0°K),  Ey  = enthalpy  through  vaporization.  Then  a deposition 
of 

Hm  = Em  ' cp  {T0  + 273)  cal/9m 
will  cause  melting.  Similarly  a deposition  of 

HV  = Ev  - cp  (To  + 273)  cal/gm 

will  cause  vaporization  . 

O 

We  assume  an  irradiation  time  of  10  sec,  i.e.  essentially  instantaneous. 

2 

Suppose  f = cal/cm  flux  from  blackbody  radiation  at  temperature  T.  Then  we 
expect  melting  to  occur  until  depth  x such  that  Hm  = fDy  (x).  Similarly  a 
vaporization  layer  of  thickness  x will  occur  to  that  depth  such  that 
Hv  » fDT  (x). 

Using  the  dose  profiles  one  can  estimate  the  thickness  of  melted  layers 
and  vaporized  layers  for  various  materials  and  temperatures. 


REPRESENTATIVE  CASES 


We  chose  four  elements  Be,  Fe,  Ni  and  W as  representatives.  For  each 
element  we  calculated  Dj  (x)  for  T = .5,  1,  2,  3,  5,  7,  9,  12,  15  and  x = 

0,  10'5,  TO"4,  10-3,  io-1,  10°. 

Tables  1-5  give  our  results  to  4 significant  figures. 

Table  6 gives  examples  of  front-face  mass  removal. 

PART  II.  ANALYTICAL  APPROXIMATION 
Small  Depth  Approximation 

We  are  considering  approximation  of 

Dy  (x)  = B(px)~7  r tub  (eu-l)~7  e"tu  du 
as  t 0.  Observe  that  if  u"n  = v this  would  be  a Laplace  transform, 

1. e.  an  Integral  of  the  form  H(t)  = /“  e"tu  h(u)du.  We  recall  the 

Abel ian theorem  for  Laplace  transforms  which  states  that  if  h(v)  * Av4  as 
v , then  H(t)  ' /“  e"tu  Ava  du  = Ar(l+a)t_7_a  as  t -►  0. 

We  set  g(x)  = j*  ub(eu-1)"^  du  and  note  that  g(x)  '/§  ub"^du  = xb/b 
as  x ->-0.  We  now  see  that 

G(t)  * f“  ub(eu-l)‘7  e"tu  " du  = /”  e'tu  " dg 
Integrating  by  parts, 

r e'tu’n  dg  =g (-)  - r g(u)  d(e'tu  ") 

Substitute  u"n  = v to  get 

= g (-)  + r g(v'1/n)  d(e'tv) 

= g (»)  - t /”  g (v'1/n)  e’tv  dv 

As  v -*■  ■=,  as  we  noted  above  g -v"b/n  /b.  We  see  that  as  v + «,  u + 0 so  that  the 
lowest  energy  interval  predominates.  Thus,  regardless  of  absorption  edges  we  use 
n,t  for  the  lowest  energy  interval,  i.e.  for  the  longest  wavelength. 

Using  the  Abelian  theorem  we  have 

G(t)  'g  (»)  - t r(l-£)  t b/n  ' 1 /b,  where  b = 3-n 
Thus,  n 

Dt(x)  ' 0T  (o)  - B r(2-3/n)  t3/n  (pxb)-1 

Since  t = pxCin  we  can  express  this  in  the  form 
Dt(x)  ' Dt(o)  - Ktpx)a  T'3 
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ray 


where  K=BC^n  r(l-a)b'1  (12.398)3  and  a = ~ -1. 

Here  C and  n are  those  for  the  lowest  energy  interval. 

Table  7 lists  K and  a for  our  representative  elements. 


LARGE-DEPTH  APPROXIMATION 

To  derive  an  approximation  for  large  t we  use  Laplace's  asymptotic 
method.  We  have 

r ub(eu-l)~1  e”tu  du  = /“  ubeu  (eu-l)_1  exp  (-u-tu"n)  du 

0 0 

For  large  t the  integrand  is  largest  near  the  minimum  of 
u + tu~n  which  is  at  v = (nt) 


Substituting  u = vw  we  have  an  integral  of  the  form 


/”  g (w)  exp  (-vf(w))  dw 
with  g = vb+1wb  (1-e  vw)~^ 


w+n  ]w  n 


Since  f 


has  its  minimum  at  w=l , Laplace's  method  says  that  for  large  v this  integral 

^ vb+1(l-e'v)'1  fzT  ( (n+1  )v)-i5  e'^v  , ft  = 1+n*1  . 

From  the  definition  of  Dy  we  thus  have,  for  large  t,  the  free 
approximation 

Dy  (x)  ~Kl  t (p*  r1  v^e'^v  (l-e'7)'1 
Where  KL  = B Jz7  (n+l)'55  ,«  = 3.5-n,p  =l+n_1  , v = v(n,t)=(nt)  1/(n+1) 

This  holds  only  if  there  is  no  absorption  edge,  i.e.  v must  lie  in  the  interval 
where  the  corresponding  n and  t apply.  If  v lies  past  the  next  absorption  edge, 
then  that  edge,  which  we  denote  by  E,  is  the  minimum  point  and  the  integral 
depends  mainly  on  u near  E.  We  can  approximate  the  integrand  for  u near  E and 
derive  the  following  edge  approximations  valid  for  large  t. 


00  0 

Define  $(y)  = exp  (-u  /2)  du.  Then  set 

P=£-ntE'n  , Q = n(n+l)tE’n  , R=E4‘n  exp  (-E-tE‘n) 

Now  we  define 

D(E.n.t)  = Bt(px)"  1 RQ_  1/2  exp  (P2/2$>(-PQ‘  1/2)  - « ((Q-P)Q'  1/2)] 
d(E,n,t)  = Bt(px)"  1 RQ'  1/2  exp  (P2/2Q)  $ (pq-1/2) 


Remark.  The  function  * may  be  approximated  by: 


>J"/2  -Jx  - x3/6)  for  [x | < 1 

e-*Z/hr  x > i . sir  + x-1 


n 

for  x 


1 . 


We  then  have  the  following  method  for  large  t: 

1.  Consider  energy  intervals  (E,  E‘),  (E1,  E")  between  successive  absorption 
edges.  NOTE:  E = 12.398/lT  if  $ = wavelength  absorption  edge. 

2.  Let  n,t  correspond  to  u between  E,  E'  and  n1,  t'  correspond  to  u 
between  E'  and  E". 

3.  If  v(n,t)  > E ' , then  the  contribution  to  the  integral  from  the  interval 
(E,  E ' ) is  D ( E ' ,n,t) . 

4.  If  E <v(n,t)  < E ' , then  we  use  the  free  approximation  corresponding 
to  n,t  as  the  contribution  from  (E,  E'). 

5.  If  v(n',t')  <E',  then  the  contribution  from  (E1,  E")  is  d(E’,n‘,t'). 

6.  Compute  for  each  interval  and  sum  over  all  intervals  for  the  large 
t approximation. 

This  is  very  quickly  computable  on  a programmable  hand  calculator. 


PART  III.  ACCURACY  OF  APPROXIMATION 
Dose  Profiles 

The  engineering  design  equations  give,  Z = atomic  number, 

DQ  = 3 (Z/T  )3  for  Z > 6 

60  ZT'2  for  Z > 12 
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Dq  corresponds  to  Dy  (10  ) as  a depth  of  10  cm  is  for  practical 

purposes  the  surface  of  the  material. 

Using  Dq  as  given  above,  the  dose  profile  is  approximated  by  Dy  (x) 

= D exp  (-x/JP)  where 

3 , 

Jp  = .015  (T/zr  P , Z < 6 

.0004  T1,5  p'1,  Z > 12 

Table  8 gives  the  ranges  of  percentage  errors  using  these  approximations. 

Table  9 gives  ranges  of  percentage  errors  using  the  large-and  small- 
depth  approximation  of  Part  II. 

Optimum  Temperature  Estimation 

Table  10  compares  the  estimation  of  T , the  temperature  that  maximizes 

op 

dose  for  a given  depth,  with  the  exact  results.  The  engineering  design 
approximation  is: 

Top  = . 5Z  (Px)1/3 

1.2Z-8  (Px)-4 

PART  IV.  CONCLUDING  REMARKS 

We  have  shown  that  it  is  possible  to  estimate  x-ray  dose  profiles 
relatively  effectively-accurately  and  rapidly.  The  exact  values  can  be 
computed  using  a programmable  electronic  calculator.  We  have  given 
approximations  that  are  relatively  accurate  and  much  faster  to  compute. 

Comparisons  with  the  engineering  design  equations  show  that  they  are 
often  quite  inaccurate  and  generally  one  is  not  sure  of  their  reliability. 
However,  we  are  much  obliged  to  their  proponents  for  the  idea  that  complex 
codes  or  long  analytical  approximations  are  indeed  unnecessary  and  ob- 
fuscating. 

The  major  word  of  warning  is  that  the  analytical  analyses  M , [?] 
and  ours  depend  on  accurate  determination  of  the  absorption  coefficients 
u and  the  associated  parameters,  particularly  n.  Given  the  coefficients 
u,  then,  we  have  accurate,  efficient  methods  for  calculating  dose  profiles 
which  in  turn  allows  effective  determination  of  x-ray  effects,  such  as 
front-face  mass  removal  and  stress  effects. 
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SURFACE  DOSAGE  PROGRAM  DESCRIPTION 


This  program  is  designed  to  calculate  the  dosage  on  the  surface  of 
metal  for  nine  blackbody  temperatures  from  one-half  to  fifteen  kev.  It 
is  to  be  used  with  a corresponding  data  card  for  the  particular  metal 
of  interest. 

The  dosage  Integral  is  calculated  between  zero  and  thirty.  The  total 
integral  is  broken  up  into  intervals  determined  by  absorption  edges.  The 
first  interval  from  zero  to  one  or  to  the  first  absorption  edge  is  calculated 
using  an  expansion  in  Bernoulli  numbers.  The  remaining  numbers  are  calculated 
by  twenty  point  Gaussian  quadrature,  the  weights  and  abscissas  each  having  ten 
significant  figures. 

All  the  required  information  for  a given  metal  will  be  stored  on  the 
same  magnetic  data  card  used  for  the  dose  profile  program.  The  onV  operation 
required  to  run  the  program  is  to  read  in  the  program  and  data  for  the  metal 
to  be  studied.  No  additional  keyboard  input  is  needed.  The  printed  output 
will  be  the  surface  dosage  for  each  of  the  nine  blackbody  temperatures. 

Running  time  is  approximately  two  minutes  for  each  interval. 

The  operations  performed  by  the  Surface  Dosage  program  are  as  follows: 

1.  Program  begins  by  initiating  all  indirect  counter  registers  at 
their  startina  locations.  (Program  location  0-29) 

2.  All  arithmetic  calculation  of  variables  for  a specific  interval  are 
calculated.  (30-88) 

3.  First  interval  is  calculated  using  an  expansion  in  Bernoulli  numbers. 
(89-162) 

4.  Remaining  intervals  are  calculated  by  twenty  point  Gaussian  quadrature. 
(163-253) 
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5.  Value  for  each  interval  is  multiplied  by  15  C t’Vir4.  A check  is 
made  if  all  intervals  have  been  calculated.  (284-298) 

6.  The  values  of  all  intervals  for  a single  T (blackbody  temoerature) 
are  summed  and  printed.  A check  is  then  made  if  the  surface  dosage  has 
been  computed  for  all  T.  (299-319) 


28-19 


USER  INSTRUCTIONS 

SURFACE  DOSAGE  PROGRAM 


PROCEDURE 


ENTER 


To  calculate  for  new  metal,  repeat  steps  5 and  6 


PRESS 


DISPLAY 


Set  partition  at  319.79 

8 2nd  op 

17 

319.79 

Read  program  into  Bank  #1 

CLR 

1 

Read  program  into  Bank  #2 

CLR 

2 

Read  Gaussian  numbers  x,  w 

CLR 

4 

into  Bank  #4 

1 

Read  in  Data  in  Bank  #3 

CLR 

3 

Begin  Program 

RST  R/S 
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PROGRAM  DESCRIPTION 


The  following  Dose  Profile  program  is  designed  to  calculate  the  dose 
per  fluence  at  a given  depth  in  cm.  for  nine  blackbody  temperatures  from 
one-half  to  fifteen  kev.  It  is  to  be  used  with  a corresponding  data  card 
for  the  particular  metal  of  interest. 

The  dosage  integral  is  calculated  between  zero  and  thirty,  thirty  being 
a good  approximation  of  infinity  for  all  practical  purposes.  The  integral 
is  broken  up  into  intervals  determined  by  the  absorption  edges  of  the  metal. 
Each  of  the  integrals  is  calculated  by  twenty  point  Gaussian  quadrature, 
the  weights  and  absciassas  each  having  ten  significant  figures. 

All  the  required  information  for  a given  metal,  such  as  absorption  edges, 
constants  and  density,  will  be  stored  on  a magnetic  data  card.  The  only 
input  needed  to  run  the  program  is  the  depth  of  metal  at  which  the  dose  of 
radiant  energy  is  to  be  calculated.  The  printed  output  will  be  the  dose 
per  fluence  for  each  of  the  nine  blackbody  temperatures  at  the  prescribed 

depth.  The  running  time  is  approximately  two  minutes  for  each  interval. 

In  summary  the  operations  carried  out  by  the  program  in  the  order  in 
which  they  are  performed  are  as  follows: 

1.  The  program  begins  by  initiating  all  individual  counter  registers 
at  their  starting  positions.  (Locations  0 - 34) 

2.  All  the  arithmetic  calculations  of  variables  for  a given  interval  are 
calculated.  (35-84) 

3.  The  calculation  of  dosage  for  a specific  interval  proceeds  by  - 

a.  Calculating  the  value  of  the  boundary  terms.  (85-138) 

b.  Calculating  the  value  of  the  integral  using  twenty  point 

Gaussian  quadrature.  (139-228) 
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4.  The  total  value  for  a particular  interval  is  computed  and  multiplied 
by  the  necessary  constants  (i.e.  15/n4  x n).  A check  is  then  made  if  all 
intervals  have  been  computed.  (257-298) 

5.  The  sum  of  all  the  intervals  for  a given  T (blackbody  temperature) 
is  printed.  A check  is  then  made  if  total  values  for  all  Ts  have  been 
calculated. 
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USER  INSTRUCTIONS 


DOSE  PROFILE  PROGRAM 


STEP  PROCEDURE  ENTER  PRESS  DISPLAY 


1 

Set  partition  at  319.79 

8 

2nd  op 

17 

319.79 

2 

Read  program  into  Bank  #1 

CLR 

1 

3 

Read  program  into  Bank  #2 

CLR 

2 

4 

Read  Gaussian  numbers  x. , w 
into  Bank  #4 

CLR 

4 

5 

Read  Data  into  Bank  #3 

CLR 

3 

6 

Store  x (depth  in  cm.  other 
than  zero)  in  Register  61 

X 

STO  61 

X 

7 

i 

Begin  Program 

RST  R/S 

To  calculate  for  second  depth,  repeat  steps  6 and  7 for  new  depth. 
To  calculate  for  new  metal,  repeat  steps  4,  5,  and  6. 
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1 .0  INTRODUCTION 

In  order  to  more  completely  characterize  the  performance  and  exhaust 
plume  signature  of  solid  propellant  rocket  motors,  it  is  necessary  to 
determine  the  species  concentrations,  both  gaseous  and  particulate,  within 
the  rocket  plume.  The  high  concentrations  of  particulates  in  a typical 
metallized  propellant  plume  require  that  an  X-ray  spectroscopic  technique 
be  used  for  in  situ  diagnostics^.  Two  types  of  measurements  are  to  be  made: 
X-ray  absorption  and  X-ray  fluorescence.  To  accomplish  these  measurements 
on  typical  exhaust  species  such  as  A1  and  Cl,  an  intense  source  of  X-rays  is 
needed  for  energies  less  than  10  keV.  Commercially  available  X-ray  sources 
have  generally  low  fluxes  in  this  energy  range.  In  addition,  little  information 
is  available  on  X-ray  photon  yields  as  a function  of  energy. 

The  purpose  of  this  project  was  to  provide  data  to  allow  selection  of 
target  materials  which  will  give  the  greatest  sensitivity  for  the  proposed 
X-ray  absorption/fluorescence  studies.  This  involved  investigation  of  both 
line  spectra  of  possible  target  materials,  and  the  continuum  spectrum  of 
available  commercial  X-ray  tubes. 

Figure  1 shows  the  most  significant  X-ray  absorption  cross-sections  of 
the  elements  present  in  a solid  propellant  rocket  plume.  For  maximum 
absorption  by  A1  or  Cl,  an  X-ray  beam  which  contains  high  intensities  of 
X-rays  at  energies  slightly  higher  than  the  K absorption  edges  of  A1  (1.559  keV) 
and  Cl  (2.819  keV)  is  necessary.  X-rays  are  generated  by  two  fundamental 
processes.  Electrons,  having  kinetic  energies  of  the  order  of  104  eV,  impinge 
upon  the  surface  of  a target  material.  The  incident  electrons  can  then 
interact  with  the  nuclei  or  the  electrons  of  the  target  material.  When  the 
incident  electrons  encounter  nuclei,  the  electrons  are  deflected  from  their 
original  paths  and  radiate  X-rays  of  continuously  distributed  wavelength  and 
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FIGURE  1.  Atomic  Absorption  Cross-Section  vs  X-Ray  Energy 


energy.  These  X-rays  form  the  continuum  part  of  a typical  X-ray  target 
spectrum  and  are  referred  to  as  Bremsstrahl ung  radiation.  If  the  incident 
electrons  interact  with  the  inner  shell  electrons  of  the  target  material,  the 
inner  shell  electrons  can  be  ejected.  This  has  a high  probability  of  occurring 
when  the  incident  electron  energy  is  greater  than  the  absorption  edge  energy 
of  the  target  material.  The  vacancy  in  this  shell  can  now  be  filled  by 
electrons  from  higher  energy  levels  within  the  target  material.  When  an 
electron  falls  to  a lower  energy  level  it  radiates  an  X-ray  photon  which  is 
characteristic  of  the  shell  structure  of  that  element.  This  last  process  is 
the  origin  of  the  characteristic  X-ray  lines  of  a target  spectrum.  Figure  2 
is  an  X-ray  spectrum  of  a typical  target  material.  The  general  shape  of  the 
curve  is  due  to  the  Bremsstrahlung,  and  the  sharp,  high  intensity  regions  are 
the  characteri stic  line  spectra. 

To  obtain  the  data  necessary  for  an  X-ray  source  to  be  selected  for  the 
plume  absorption/fl uorescence  measurements,  a series  of  experiments  on  X-ray 
spectra  was  conducted.  Data  on  line  spectra  of  candidate  materials  was  obtained 
using  a scanning  electron  microscope,  and  continuum  spectrum  data  was  obtained 
using  a crystal  diffractometer. 

2.0  EXPERIMENTAL  RESULTS 

2.1  LINE  SPECTRA 

(2) 

The  Si^  emission  line  (1.74  keV)v  ' is  appropriate  for  A1  absorption, 
and  the  Ag^  emission  line  (2.98  keV)^  is  appropriate  for  Cl  abosrption. 

The  line  intensities  of  these  elements  were  measured  with  an  X-ray  energy 
spectrometer  attached  to  a scanning  electron  microscope  (SEM).  The  SEM  was 
used  to  excite  the  X-ray  spectra  of  different  elements  because  it  provides  a 
small  area  electron  beam  with  variable  energy.  This  meant  that  small  samoles, 
approximately  5mm  X 5mm,  could  be  used  and  the  sample  elements  could  be 
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FIGURE  2 


Typical  X-Ray  Emission  Spectrum  from  a Chromium  Target 
with  an  Accelerating  Voltage  of  20  kV. 


interchanged  easily.  This  provided  controlled  conditions  for  all  samples 
investigated.  In  addition  to  Si  and  Ag,  the  X-ray  spectra  of  other  elements 
were  measured  to  obtain  data  for  another  part  of  the  absorption/fluorescence 
project.  The  measured  line  spectra  photon  counting  rates  per  miliiampere  of 
target  current  per  steradian  (SCR)  are  listed  in  Table  1.  The  line  width 
is  the  energy  range  over  which  the  integrated  line  count  was  calculated. 

TABLE  1 

LINE  SPECTRA  COUNTING  RATES 

ELEMENT  LINE  SCR  (XI 01 1 PHOTONS/SEC-mA-STER ) LINE  WIDTH  (keV) 


Sik 

7-12 

1 .56-1  .92 

AgL 

19-26 

2.82-3.60 

A1k 

10 

1 .20-1 .60 

Mol 

7 

2.00-2.60 

Cuk 

3 

7.80-9.06 

N\ 

3 

7.28-8.36 

^k 

5 

5.20-6.04 

RhL 

12 

2.56-2.92 

Figures  3(a)  and  (b)  are  photographs  of  the  energy  spectrum  analyzer  outDut 
of  the  SEM  for  pure  Si  and  pure  Ag  targets  respectively. 

According  to  McGregor^,  an  incident  photon  intensity  of  about  1011 
photons/sec  cm2  in  the  K , energy  range  is  necessary  for  the  fluorescence 
measurements.  If  the  SCR  values  for  Si  and  Ag  of  Table  1 are  converted  to 
intensities  and  multiplied  by  the  typical  100mA  anode  current  of  a rotating 
anode  X-ray  tube,  the  resulting  photon  intensities  are  both  greater  than 
1012  photons/sec  cm2.  Thus,  an  X-ray  source  incorporating  Si  and  Ag  as 
elements  in  the  X-ray  target  material  would  have  the  necessary  intensities 
for  the  fluorescence  measurements. 
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FIGURE  3.  X-Ray  Yields  vs  Energy,  a)  Silicon  Target  at  14.5  kV 

b)  Silver  Target  of  14.5  kV 


In  normal  use,  X-ray  tubes  are  operated  at  voltages  of  the  order  of  40-60 
kV.  Since  the  maximum  available  SEM  voltage  was  17.5  kV,  a series  of  data  for 
A1 , Si,  and  Ag  targets  was  obtained  as  a function  of  SEM  voltage.  Figure  4 
shows  this  data,  and  as  can  be  seen,  the  X-ray  line  spectra  output  is  a 
non-linear  function  of  voltage.  This  implies  that  even  greater  photon  fluxes 
could  be  expected  from  a target  material  operated  at  higher  voltages  than 
17.5  kV.  However,  the  total  continuum  Bremsstrahlung  radiation  increases  faster 
than  the  line  radiation  flux  as  the  voltage  Js  raised,  and  at  significantly 
higher  voltages  (>_25 k V ) the  target  will  also  produce  many  unwanted,  high-energy 
X-rays.  This  high  energy  background  radiation  will  generally  degrade  the 
absorption  and  fluorescence  signals.  Hence,  for  a given  target,  the  optimum 
operating  voltage  will  have  to  be  determined  empirically,  but  most  likely  will 
be  less  than  25  kV.  For  the  purpose  of  target  material  selection,  data  taken 
at  17.5  kV  is  considered  representative. 

Data  such  as  is  shown  in  Figure  3,  is  being  used  in  a computer  model  of 
the  plume  measurements.  Figure  5 is  a plot  of  the  X-ray  spectrum  of  a 
hypothetical  target  of  A1  and  Si.  This  spectrum  was  synthesized  from  the 
individual  A1  and  Si  spectra  measured  on  the  SEM.  The  computer  program  uses 
this  composite  spectrum  as  an  input  X-ray  beam  and  propagates  it  through  an 
absorbing  medium  to  simulate  the  absorption  measurement  through  a rocket  plume. 
The  program  accounts  for  both  scattering  and  fluorescence,  and  predicts  the 
attenuated  output  spectrum.  Figure  6 shows  the  corresponding  output  spectrum 
after  passing  thru  a 12  cm  length  of  an  absorbing  medium  of  air  and  A1 
particles.  (For  the  purpose  of  this  illustration  "air"  is  regarded  as  a 
single  species  and  a weighted  average  of  02  and  N2  absorption  cross-sections 
is  employed.)  Two  effects  take  place  in  the  absorption  path:  a)  absorption  of 
both  A1 ^ and  Si^  X-rays  by  the  air  and  A1  in  the  path  and  b)  A1  fluorescence 
after  absorption  of  Si^  radiation.  The  Si^  radiation  is  very  strongly 
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FIGURE  4.  X-Ray  Yields  of  Targets  vs  Scanning  Electron 
Microscope  Voltage 
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absorbed  by  AT  whereas  both  Si^  and  Al^  are  absorbed  by  air.  In  general, 
the  transmitted  intensity  of  a beam  of  X-ray  of  energy  E,  Iy(E),  depends  o 
the  incident  intensity  of  the  same  energy,  Iq(E),  as  v . 

It(E)  = IQ  exp  (-(r  ui  p^L)  (1 ) 

Where  the  index,  i,  runs  over  the  different  absorbing  species.  If  two 
absorbing  species  are  present,  then  information  about  their  densities,  p., 
can  be  obtained  from  Eq  1 using  the  transmitted  and  incident  intensities  a 
two  energies. 

MAI,) 

ln  77777  = " L (wu  pA1  + U12  Pai>}  (2) 

VAV 

MSI,) 

In  = - L (u2i  PA1  + u22  Pair)  (3) 

■o<Sik> 

Eqs . 2 and  3 are  a pair  of  simultaneous  equations  in  the  two  unknowns  p^  < 

p_.  . These  can  be  solved  to  obtain  the  individual  species  densities.  Foi 
air 

the  data  represented  in  Figures  5 and  6,  the  calculated  aluminum  density  i: 
1.91  X 1018/cm3  and  the  actual  density  used  by  the  computer  program  is 
2 X 1018/cm3.  If  the  computer  density  of  aluminum  is  lowered  to  2 X 1017/< 
the  output  spectrum,  using  the  same  input  spectrum  as  Figure  5,  is  now  shov 
in  Figure  7.  The  aluminum  density,  calculated  from  the  output  spectrum  of 
Figure  7,  is  now  1.2  X 1017/cm3.  Thus,  as  densities  of  aluminum  of  order 
1017/cm3  are  approached,  the  computer  model  predicts  a 100%  measurement 
error. 

In  the  actual  plume  experiments,  five  constituent  absorbing  soecies  ai 
present  and  five  lines  are  required  to  give  the  incident  and  transmitted 
intensities  for  determining  the  respective  densities.  Thus,  some  target  wl 
has  five  useful  energy  ranges  is  necessary.  Sensitivity  will  be  best  if  tv 


lines  bracket  each  of  the  absorption  edges  of  A1  and  Cl.  For  A!  detection,  the 


Al^  and  Si^  lines  can  be  used  effectively.  For  Cl  detection,  the  Ag^  and  Rh^ 
lines  can  be  used  effectively. 

The  rotating  anode  lends  itself  to  a mul ti-element  target.  This  could  be 
most  easily  accomplished  by  depositing  sections  of  the  pure  elements,  A1 , Si, 

Rh  and  Ag  on  a Cr  or  Cu  commercial  anode.  A schematic  drawing  of  this  type  of 
anode  is  shown  in  Figure  8. 

2.2  CONTINUUM  SOURCE 

The  alternative  possibility  is  to  use  a continuum  source  of  X-rays 
for  the  plume  measurements.  In  evaluating  continuum  sources,  rather  severe 
limitations  were  imposed  by  the  available  equipment.  The  SEM  was  not  useful 
as  a continuum  source  because  of  its  restriction  to  low  voltage.  An  X-ray 
crystal  diffractometer  was  the  only  continuum  source  available  for  doing 
absorption  measurements,  and  it  was  not  ideal  since  it  has  a Cu  target  tube 
which  is  considered  primarily  a line  source.  However,  a significant  continuum 
region  was  observed  between  15  and  25  keV.  Observing  absorption  in  A1  at  1.6 
keV  was  ruled  out  because  the  proportional  counter  detector  system  in  the 
diffractometer  is  only  sensitive  down  to  2-3  keV. 

Therefore,  an  attempt  was  made  to  measure  absorption  in  iron  (Kabs  =5.6  keV). 
The  principle  difficulty  in  this  experiment  came  from  the  second-order  diffraction 
of  the  dispersing  crystal.  The  relative  intensity  of  '13  keV  photons  to  “5.5  keV 
photons  produced  by  the  X-ray  tube  was  so  great  that  the  2nd-order  diffraction 
of  the  higher  energy  radiation  completely  masked  the  useful  X-rays  at  5.5  keV. 

As  a result,  no  absorption  edge  in  Fe  could  be  observed.  Various  attempts 
were  made  to  filter  out  the  higher  energy  radiation,  but  even  materials  which 
preferentially  absorb  at  short  wavelengths  still  have  appreciable  absorption 
at  longer  wavelengths;  at  X-ray  energies,  "bandpass"  filters  familiar  in  optics 
do  not  exist.  A routine  method  for  separating  2nd-order  radiation  is  to  use  two 


FIGURE  8.  Schematic  Drawing  of  Possible  Multiple  Line 
Spectrum  Anode 
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crystals  in  tandem,  but  here  again,  the  absolute  intensity  of  the  low-energy 
radiation  would  suffer  drastic  reduction  after  two  diffractions. 

Since  the  absorption  due  to  Fe  could  not  be  observed,  it  was  decided  to 
carry  out  a measurement  on  an  element  whose  K absorption  edge  fell  in  the  main 
band  of  the  Cu  continuum  radiation.  Zirconium  (Zr)  has  a K absorption  edge 
(18.07  keV)  close  to  the  continuum  maximum  of  the  copper  target  source.  A 
series  of  experiments  was  run  to  determine  the  sensitivity  of  the  transmitted 
intensity  thru  a Zr  absorber.  The  concentration  of  Zr  in  alcohol  was  varied 
to  determine  the  minimum  concentration  of  Zr  that  was  detectable  in  the  presence 
of  the  high  concentration  of  oxygen  in  the  alcohol.  Figures  9 (a),  (b),  and 
(c)  show  the  change  in  edge  absorption  as  a function  of  Zr  concentration.  With 
an  oxygen  concentration  of  1 X 1022  atoms/cm3,  the  minimum  detectable  Zr  con- 
centration is  approximately  1 X 1018  atoms/cm3.  The  presence  of  Zr  is  detected 
by  the  ratio  of  the  transmittance  above  and  below  the  Zr  absorption  edge. 
Transmittance  (T)  is  the  fraction  of  incident  radiation  which  is  transmitted 
through  an  absorbing  material.  Mathematically, 

ta  - lA  exP  (*kAL)  = exP  (-kA0 

h 

Where  I is  the  incident  intensity,  k is  the  total  absorption  coefficient,  L is 
the  path  length,  and  the  subscript  A implies  that  all  values  are  taken  at  an 
energy  slightly  above  the  absorption  edge.  Similarly,  for  an  energy  just  below 
the  absorption  edge, 

TA 

T0  = exp  (-kgL) , and  R = — = exp  ((kg-kA)L)  = exp  (-AkL)  (4) 

TB 

Using  the  foregoing  formulation  a comparison  can  be  made  between  the 

absorption  in  Zr  and  in  A1 . The  quantity  k = I u,  p.  is  the  total  absorption 

i 1 1 

coefficient  and  since  the  concentration  of  all  species  is  fixed  for  a given  sampl 

Ak  = s (AuJp,  (5) 

i 1 1 


* 
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FIGURE  9 


Change  in  Absorption  with  Zr  Concentration  in  Alcohol, 
(a)  102°  atoms/cc,  (b)  1019  atoms/cc,  (c)  10ie  atoms/cc 
In  (c)  the  upper  curve  is  the  unattenuated  signal.  The 
arrow  indicates  the  position  of  the  Zr  Absorption  Edge. 
[Cm  Anode,  35  kV,  20  mA]. 
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where  the  delta  refers  to  the  difference  in  the  absorption  coefficients  above 
and  below  the  band  edge  of  the  element  of  interest.  If  the  densities  of  all 
species  present  in  a given  absorption  measurement  are  comparable  in  magnitude, 
only  the  element  being  measured  will  make  any  significant  contribution  to  Ak. 
However,  as  the  concentration  of  the  measured  species  is  lowered  (other 
species  concentrations  remaining  constant)  the  product,  Aup,  of  the  measured 
species,  becomes  comparable  to  those  of  the  other  species.  Therefore,  the 
relative  concentration  of  other  absorbing  species  is  more  important  than  the 
absolute  concentration  of  the  measured  species. 

In  Eq.  (4),  as  the  product  of  AkL  -*■  o,  we  have 

R = 1 - AkL  (6) 

The  basic  criterion  for  detection  then  becomes: 

AkL  = SNR  (7) 

where  SNR  is  the  signal  to  noise  ratio  for  the  particular  measurement.  A 
discussion  of  the  noise  sources  and  the  restrictions  placed  on  optimizing  the 
SNR  will  be  deferred  to  a later  technical  report.  In  this  absorption  study,  Zr 
in  alcohol,  the  measured  SNR  was  1%  and  this  was  close  to  the  optimal  'alue 
for  the  apparatus  used.  Furthermore,  it  is  reasonable  to  expect  this 
value  to  be  comparable  to  or  better  than  that  which  would  be  achieved  in  the  plume 
measurement.  Therefore,  for  comparison  of  Zr  and  A1  absorption  measurements, 
it  is  sufficient  to  set: 

AkZr  LZr  = AkAl  LA1 

Using  the  appropriate  numbers  for  Zr  in  alcohol  and  A1  in  the  plume^,  it 
appears  that  the  minimum  detectable  density  of  A1  would  be  ~ 1 X 1017  atoms/cm3 
in  the  plume.  Typical  aluminized  propellants  will  produce  average  densities 
of  ' 1 X 1O10  atoms/cm3,  so  that  a determination  of  the  variation  of  the  A1 
density  in  the  plume  cross-section  would  be  accurate  to  "10".  Although  the 
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measurement  was  made  using  a continuum  source,  the  foregoing  method  of  analysis 
is  valid  for  line  sources  as  well. 

3.0  CONCLUSIONS 

Although  the  evaluation  program  for  selecting  an  X-ray  source  target  is 
not  yet  completed,  most  of  the  necessary  data  has  been  obtained.  At  this  point, 
several  specific  conclusions  can  be  made  and  a preliminary  recommendation  for 
target  construction  can  be  given. 

The  following  conclusions  can  be  drawn  from  this  study: 

1.  The  quantitative  X-ray  line  spectra  obtained  in  this  study  have 
all  had  sufficient  intensities,  when  appropriately  scaled,  to  make  the  plume 
fluorescence  measurements  feasible. 

2.  The  most  practical  set  of  elements  giving  rise  to  appropriate 
line  spectra  include:  Al,  Si,  Ag,  and  Rh.  The  low-energy  spectra  of  these 
elements  is  depicted  schematically  in  Figure  10. 

3.  If  a line-source  target  is  used,  it  should  be  fabricated  from  a 
standard  Cu  or  Cr  target  by  plating  or  evaporating  thin  films  of  the  elements 
mentioned  above  onto  separate  regions  of  the  target  surface.  This  avoids  the 
difficulties  involved  with  forming  alloys,  and  gives  the  added  option  of 
arranging  time  sequences  of  emission  of  different  lines  by  the  geometrical 
arrangement  of  the  elemental  films  on  the  target  surface  (as  in  Figure  8). 

4.  The  minimum  detectable  concentration  of  Zr  dissolved  in  alcohol 
was  determined  using  a crystal  diffractometer.  The  critical  density  of  Zr 
atoms  was  “1.0  X 1018/cm3,  which  can  be  extrapolated  to  indicate  that  Al 
concentrations  as  low  as  1 X 1017  atoms/cm3  could  be  detected.  This  is  a 
factor  of  “10  times  lower  than  typical  Al  densities  present  in  rocket  plumes. 

5.  If  a continuum  source  is  employed,  a relatively  large  number  of 
photons  will  be  generated  at  energies  greater  than  the  range  of  interest 
(>10  keV).  These  photons  have  a high  potential  for  creating  spurious  signals 


due  to  various  energy  down-conversion  mechanisms,  and  they  also  contribute 
to  the  serious  problem  of  keeping  the  detector  signals  below  saturation. 
Therefore,  it  will  be  essential  to  eliminate  the  high  energy  portion  of  the 
X-ray  tube  output.  The  two  methods  explored  so  far  for  accomplishing  this 
are  diffraction  (crystal)  and  filtering.  Both  of  these  methods  have  revealed 
serious  drawbacks,  which  eliminate  their  consideration.  One  remaining  technique 
that  is  currently  being  explored  is  specular  reflections  from  thin  films. 

4.0  RECOMMENDATIONS 

In  light  of  the  foregoing  observations  a preliminary  recommendation  would 
be  to  fabricate  a line-source  target  employing  A1  and  Si  films  to  conduct 
laboratory-scale  investigations  of  A1203  particles.  Once  the  feasibility  of 
this  approach  has  been  verified  experimentally  for  one  element  (A1 ) it  will 
be  straightforward  to  extend  the  source  target  and  proof-of-principle  study  to 
the  remaining  plume  constituents. 

There  are  four  main  points  that  remain  to  be  addressed  before  this 
evaluation  is  complete: 

1.  Obtain  an  accurate  estimate  of  the  X-ray  continuum  intensity 
in  the  spectral  region  of  interest  (1-8  keV)  at  high  (^25  KV)  acceleration 
potentials. 

2.  Extend  the  computer  simulation  of  plume  measurements  using 
line  spectra  input  to  all  elements  present  in  the  plume,  and  to  include  the 
fluorescence  as  well  as  absorption  measurement. 

3.  Evaluate  the  technique  of  using  thin  metallic  films  to  separate 
the  higher  energy  part  of  the  spectrum  (>_  10  keV)  from  the  low-energy  region 
of  interest. 

4.  Clear  up  the  ambiguity  over  the  utility  of  Rh  as  the  line 
spectrum  to  be  used  for  Cl  absorption.  The  quoted  separation  of  the  l and  LD 

CL  D 
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lines  (see  Figure  10)  is  equivalent  to  the  specified  resolution  of  the  proposed 


detector  system.  If  the  relative  intensity  of  the  Rh.  line  is  large,  and  cannot 

l8 

be  resolved  from  the  Rh^  , Rh  will  probably  not  work  well  in  detecting  Cl  atoms. 
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ABSTRACT 


Hydrazine , during  storage  in  titanium  alloy  tanks,  acquires  chemical 
impurities,  metallic  impurities  quite  possibly  among  them.  Titanium  would 
be  the  most  likely  metallic  impurity  in  the  hydrazine.  If  present  at  high 
enough  levels,  it  might  contribute  to  the  deterioration  of  the  hydrazine 
and  thus  result  m the  shortening  of  the  lifetimes  of  space  satellite 
missions. 


...  Thisst^dy  was  initiated  to  develop  a reliable  method  of  determining 
titanium  in  hydrazine  down  to  the  nanogram  per  milliliter  level  (parts  per 
billion).  The  determination  of  titanium  at  such  minute  levels  has  not 
been  reported  in  the  literature.  Titanium  is  a refractory  metal,  easily 
siiSMptibh  to  the  formation  of  oxides  and  carbides  and  is  thus  very 
dilticult  to  analyze  with  sensitivity  and  accuracy  at  dilute  lave  by 
such  ordinary  means  as  flame  atomic  absorption.  Even  the  use  of  a gra- 
phite furnace  in  conjunction  with  atomic  absorption  proved  impractical 
because  the  furnace  exhibited  serious  memory  effects  in  the  analysis  of 
successive  titanium  samples. 

The  recent  development  of  graphite  furnace  tubes  coated  with  pyrolytic 
graphite  opened  up  the  possibility  that  refractory  metals  such  as  titanium 
could  be  analyzed  by  atomic  absorption  with  much  greater  sensitivity  and 
much  greater  reliability.  In  this  investigation,  atomic  absorption 
measurement  using  the  pyrolytic  graphite  furnace  for  sample  atomization 
was  chosen  as  the  first  approach  in  developing  a reliable  analytical 
method  for  titanium.  The  choice  proved  to  be  a sound  one,  for  the  in- 
vestigation has  led  to  the  development  of  a method  of  analysis  for 
titanium,  following  preconcentration  (total  evaporation)  of  hydrazine, 
that  is  accurate  and  statistically  reliable  down  to  the  nanogram  per 
milliliter  level. 
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NOMENCLATURE 


A absorbance 

AA  atomic  absorption 

APDC  ammonium  (I)  pyrrolidine  dithiocarbamate 

Ar  argon 

C concentration  (weight/volume) 

cc/min  cubic  centimeters  per  minute 

DPASV  differential  pulse  anodic  stripping  voltammetry 

HNO^  nitric  acid 

^ wavelength 

^Jg  micrograms 

Jll  microliters 

mg  milligrams 

ml  milliliters 

mm  Hg  millimeters  of  mercury  (pressure)  (Torr) 

n number  of  samples 

N2H4  hydrazine 

ng  nanograms 

ppb  parts  per  billion  = ng/ml 

ppm  parts  per  million  = iig/'ml=ng/ul 

,®x  -x.  )'± 

S standard  deviation  = 1) i 

V n - 1 


summation  of 


titanium 


unknown 


volume 


weight 


INTRODUCTION 


The  principal  aim  of  this  summer  research  project  was  to  develop  a 
quantitative  method  to  determine  titanium  (Ti)  in  hydrazine  (N  H ) at 
the  nanogram  per  milliliter  (ng,ml)  level.  Such  a method  was  desirable 
in  order  to  facilitate  the  acquisition  of  reliable  data  on  the  Ti  content 
of  N2H  after  its  long-term  storage  in  titanium  alloy  tanks.  No  method 
to  analyze  Ti  at  levels  as  dilute  as  these  were  reported  in  the  literature. 

Two  instrumental  techniques  which  seemed  promising  in  the  development 
of  such  an  analytical  method  were:  (1)  atomic  absorption  with  use  of  a 
newly  developed  graphite  furnace  lined  with  a coating  of  pyrolytic  graphite 
to  prevent  a refractory  element  such  as  Ti  from  forming  a carbide  or 
oxide  prior  to  or  during  atomization  (Refs.  1,2);  (2)  use  of  a polaro- 
graphic  technique,  differential  pulse  anodic  stripping  voltammetry 
(DPASV),  which  has  been  used  to  analyze  vanadium,  a metal  similar  in  re- 
fractory properties  to  titanium  (Ref.  3).  Both  these  techniques  were 
sensitive  to  Ti  down  to  the  parts  per  million  (ppm)  level,  or  /ig/ml. 

With  a preconcentration  step  included  in  the  method,  this  level  of  detec- 
tion could  effectively  be  decreased  to  the  parts  per  billion  (ppb)  level, 
or  ng/ml . 

Since  the  atomic  absorption  method  appeared  to  be  the  faster  and 
simpler  of  the  two  methods  cited  above,  it  was  decided  to  pursue  this 
approach  first.  Fifty  pyrolytic— lined  graphite  tubes  were  purchased 
for  the  graphite  furnace.  Each  graphite  tube  was  rated  as  having  a use- 
ful range  of  from  30  to  200  atomization  cycles.  The  instrumentation  used 
in  the  development  of  this  analytical  method  for  Ti  was  a Perkin-Elmer  503 
atomic  absorption  instrument  in  conjunction  with  a Perkin-Elmer  HGA-2100 
graphite  furnace  and  a Beckman  1005  ten-inch  linear  recorder. 
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OBJECTIVES 


There  has  been  considerable  conjecture  as  to  what  elements  or  com- 
pounds contribute  to  the  contamination  and  deterioration  of  hydrazine  as 
a rocket  propellant  after  long-term  storage  in  titanium  alloy  tanks.  A 
recent  study  by  C.T.  Brown  (Ref.  4)  utilized  an  electrochemical  test  method 
to  determine  reaction  rates  of  hydrazine  at  metallic  surfaces  and  a con- 
densed time  scale  based  on  coulometric  measurements  to  yield  an  accelerated 
time  profile  of  the  metal-N^H^  interaction.  Data  was  accumulated  on  the 
contribution  of  various  metals  (used  in  tank  construction)  and  other  impuri- 
ties to  N9H4  decomposition.  Some  of  the  data  pointed  to  a large  projected 
contamination  of  Ti  in  N9H4  after  long-term  storage  (4  to  10  years)  while 
other  data  pointed  to  very  low  levels  of  Ti  in  N H after  the  same  periods 
of  storage  but  at  higher  temperatures.  In  short,  the  role  of  Ti  plays, 
or  for  that  matter,  other  metals  such  as  aluminum,  vanadium,  iron,  and 
nickel,  in  the  deterioration  of  hydrazine  was  left  far  from  clear.  Since 
titanium  was  projected  in  the  above  study  to  be  the  largest  of  the  metal 
contaminants,  it  became  most  desirable  to  obtain  a fast,  reliable,  and 
accurate  method  of  analyzing  for  this  metal  in  hydrazine  down  to  levels 
of  0.01  ppm  (10  ppb)  or  less,  if  necessary. 

It  was  to  this  end  that  this  summer  research  project  was  planned. 
Titanium,  being  a refractory  metal,  posed  many  difficulties  which  pre- 
vented accurate  sensitive  analyses  at  low  levels  by  conventional  methods. 
The  route  chosen  by  the  author  and  his  research  colleague  has  already 
been  outlined  in  the  Introduction.  The  methodology  employed  and  data 
accumulated,  which  point  to  a very  reliable  method  of  analysis  of  Ti 
in  hydrazine,  will  be  presented  in  the  body  of  this  report. 
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DEVELOPMENT  OF  METHOD 


The  first  step  in  the  development  of  this  method  was  to  prepare  a series 
of  Ti  standards  in  0.2%  HN03  (aqueous  solution)  and  to  test  these  standards 
m the  graphite  furnace  tube  lined  with  a coating  of  pyrolytic  graphite. 

The  standards  ranged  in  concentration  from  0.50  to  5.00  ppm  titanium  (jug,  ml). 
A plot  of  this  initial  data,  after  averaging  and  correcting  for  background 
readings,  yielded  a linearity  of  absorbance  with  concentration  in  the  range 
of  0.d0  to  2.50  ppm  when  20/*l  samples  were  injected  into  the  graphite  fur- 
nace. When  10^1  samples  were  injected,  linearity  was  achieved  between 
1.00  and  5.00  ppm.  Both  tests  indicated  that  Beer’s  Law  (linearity  of 
absorbance  with  concentration  of  absorbing  species)  was  effective  between 
10  and  50  ng  inserted  in  the  graphite  furnace  for  analysis  at  a wavelength 
of  a=  365. 4nm. 


Several  other  parameters  should  be  noted  with  respect  to  the  operation 
of  the  atomic  absorption  instrument,  graphite  furnace  and  recorder. 

Coolant  liquid  flow  rate  = 1.5  liters/min. 

Ar  gas  purge  rate  = 55  cc/min. 

Slit  width  - 0.2  nm 

Recorder  voltage  = 10  mv 

Drying  temperature  and  time  = 150°C  for  20  seconds 

Charring  temperature  and  time  = 1800°C  for  5 seconds 

Atomization  temperature  and  time  = 2800°C  for  7 seconds 

The  above  operational  parameters  were  kept  constant  through  all  subsequent 
experiments . 

The  results  of  this  first  experiment  with  the  pyrolytic  graphite— lined 
furnace  tubes  were  very  encouraging  because  (1)  they  showed  no  evidence 
of  a serious  memory  effect  in  analyzing  consecutive  samples  of  increasing 
amounts  of  Ti,  (2)  they  showed  a high  degree  of  reproducibility  when 
absorbance  readings  on  the  same  samples  were  taken  moments  later  and  even 
several  days  later,  and  (3)  they  showed  a linear  relationship  between 
absorbance  and  concentration  of  Ti  over  a considerable  range  of  concentra- 
tion . 


Because  the  investigator  had  heard  reports  of  a compound  called 
ammonium  (I)  pyrrolidine  dithiocarbamate  (APDC)  being  used  as  a complexing 
agent  for  Ti  with  subsequent  extraction  into  chloroform  prior  to  Ti 
analysis,  he  decided  to  spend  some  time  in  testing  the  feasibility  of 
using  the  APDC  complexation  - organic  extraction  method  as  a possible 
means  of  concentrating  Ti  samples  into  smaller  volumes.  However,  the 
results  of  this  investigation  were  entirely  negative.  No  titanium  found 
its  way  into  the  organic  layer,  thus  indicating  either  that  a stable  complex 
between  Ti  and  APDC  did  not  form  at  the  pH  conditions  employed  (buffered 
solutions  of  pH  4.8)  or  that  the  complex  was  too  labile  to  survive  the 
extraction  step.  An  exhaustive  search  of  the  literature  revealed  no 
reference  to  a soluble  Ti-APDC  complex  under  acid  conditions,  but  did 
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-eveal  that  a Ti-APDC  precipitate  forms  at  alkaline  conditions  and  that 
this  precipitate  has  been  used  for  X-ray  analysis  of  titanium  (Ref.  5). 

This  precipitate  would  be  of  little  value  to  this  investigation  in  the 
present  method  of  analysis.  The  soluble  Ti-APDC  complex,  it  was  later 
learned  from  the  original  source  of  this  information,  had  been  a con- 
jecture based  on  the  fact  that  APDC  complexes  other  transition  elements, 
iron,^  copper,  nickel,  e.g.).  it  was  decided  not  to  pursue  this  approach 
any  further  by  testing  with  other  complexing  agents  at  various  pH's,  for 
the  approach  held  little  promise  for  an  increase  in  sensitivity  for  the 
detection  of  Ti  and  would,  even  if  successful,  necessitate  an  extra  time- 
consuming  extraction  step. 

The  original  line  of  investigation  was  continued  by  spiking  several 
100  ml  samples  of  reagent  hydrazine  with  standard  amounts  of  Ti  ranging 
from  1.00 /ig  to  3 .00  ,ug , thus  giving  the  hydrazine  samples  concentrations 
of  Ti  ranging  from  10  to  30  ng/ml.  Pure  hydrazine  without  a spike  of  Ti 
was  run  through  the  process  as  a blank.  The  N H of  each  sample  and 
blank  were  completely  evaporated  by  a process  of4flash  evaporation  in  a 
preconcentrator.  The  resulting  residues  were  taken  up  by  15  ml  of  0.2% 

HN0„  and  evaporated  down  to  a volume  of  exactly  1.0  ml.  Analysis  by  AA 
(pyrolytic  graphite  turnace)  showed  linearity  between  absorbance  and 
concentration,  but  the  absorbance  readings  ranged  from  only  30%  to  50% 
of  the  values  of  the  absorbance  readings  at  the  same  concentrations 
among  the  standards.  There  also  seemed  to  be  an  increase  in  the  percent 
recovery  of  Ti  as  the  concentration  increased. 

The  experiment  was  repeated  with  an  added  step  of  heating  the  take-up 
solution  of  0.2%  HNO^  to  boiling  after  preconcentration  and  changing  the 
total  amounts  of  Ti  used  to  a range  of  20  to  60  ng . Other  conditions 
remained  the  same,  except  that  a fresh  series  of  aqueous  standards  (in 
0.2%  HN0  ) were  prepared  and  stored  in  polyethylene  bottles  for  longer 
preservation  of  purity.  These  standards  were  run  along  with  the  samples 
during  the  AA  analysis  step.  This  time  the  results  were  much  more  grati- 
fying in  that  a percent  recovery  ranging  from  35%  to  75%  was  achieved 
(See  Table  1).  Again,  percent  recovery  increased  with  increasing  Ti 
concentration.  A plot  of  sample  absorbance  versus  concentration  compared 
to  absorbance  of  standards  versus  concentration  (See  Figure  1)  revealed 
that  the  decline  in  absorbance  for  the  samples  compared  to  absorbance  of 
corresponding  standards  remained  remarkably  constant  at  0.210  through- 
out the  concentration  range  of  2.00  to  6-OO^g,  ml  (or  20  to  60  ng  Ti 
examined) . The  two  plots  were  almost  exactly  parallel  throughout  this 
concentration  range.  This  observation  coupled  with  that  of  increased 
percent  recovery  with  increasing  concentration  pointed  toward  an 
apparent  finite  and  constant  loss  of  Ti  during  the  preconcentration 
step . 

Some  loss  of  Ti  during  the  preconcentration  step  is  probably  unavoid- 
able because  some  Ti  is  swept  out  under  reduced  pressure  (about  30  mm  Hg i 
during  the  flash  evaporation  within  the  preconcentrator  apparatus.  Some 
Ti  may  also  splatter  to  the  sides  and  neck  of  the  preconcentrator  receiving 
vessel  and  thus  become  difficult  to  recover  completely.  That  this  total 
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loss  is  constant,  however,  regardless  of  initial  amounts  of  Ti  (from  20  to 
60  ng  total  Ti  examined  in  the  graphite  furnace)  means  that  the  feasibility 
of  this  method  for  analyzing  Ti  in  N2H4  is  undiminished.  All  that  need  be 
done  is  to  add  an  absorbance  increment  tAA  = 0.210  in  this  case)  to  the 
absorbance  (A)  of  each  sample  examined  within  the  20  to  60  ng  Ti  range, 
locate  the  A r AA  on  the  standard  curve,  and  read  off  the  amount  of  Ti  in 
the  original  sample. 

It  must  be  emphasized  that  the  value  of  Aa  is  subject  to  change  from 
one  series  of  analyses  to  another  carried  out  at  a different  time  under 
different  conditions.  The  value  of  Aa  will  depend  upon  how  carefully  the 
preconcentration  step  is  carried  out.  It  will  also  depend  on  the  slope  of 
the  standard  curve  which  is  subject  to  change  when  a pyrolytic  graphite 
tube  wears  down,  when  a new  one  is  inserted  into  the  graphite  furnace,  or 
when  the  Ti  radiation  source  loses  some  of  its  power.  The  value  of  A A 
should  be  checked  by  comparison  of  the  absorbance  of  an  aqueous  standard 
with  the  absorbance  of  a spiked  pure  hydrazine  sample  during  each  series  of  analy 
ses  carried  out  within  the  same  time  frame.  Extrapolation  of  the  standard 
curve  for  Ti  to  the  value  A = 0.210  (in  the  above  experiment)  revealed  a 
constant  physical  loss  of  Ti  per  sample  in  the  preconcentration  step  of 
l_.5ng  (See  figure  2).  This  physical  loss  should  remain  constant  provided 
that  operation  of  the  preconcentrator  does  not  change. 
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USE  OF  METHOD  ON  SAMPLE  OF  TANK  HYDRAZINE 


‘he  method  developed  was  used  to  check  the  concentration  of  Ti  in  a 
hydrazine  sample  that  had  been  stored  in  a titanium  alloy  tank  for  about 
two  years.  The  sample  was  analyzed  (1)  "as  is",  (2)  with  a standard 
addition  of  1.0  ml  of  2.0  ppm  Ti  per  100  ml  N H , and  (3)  with  a standard 
addition  of  1.0  ml  of  4.0  ppm  Ti  per  100  ml  N,IT . These  three  sample 
solutions  were  labeled  , U , and  U respectively.  The  standards  were 
analyzed  along  with  the  samples  and  &A  was  determined  to  have  remained 
at  a value  of  0.210.  The  date  and  calculations  pertaining  to  this 
analysis  are  shown  in  Table  2 and  the  graphical  derivation  of  the  con- 
centration of  the  unknowns  are  shown  in  Figure  3 . 

The  "as  is"  analysis,  U. , gave  a response  that  was  lower  than  the 
optimal  lower  limit  of  the  standard  curve  (2.00  ppm  or  ng.ul),  and  thus 
was  not  amenable  to  reliable  calculation.  The  two  standard  addition 
runs,  however,  gave  comparable  results,  7.3  ng/ml  and  8.7  ng/ml  Ti  in 
the  tank  hydrazine,  respectively.  From  these  results,  the  amount  of 
Ti  in  the  tank  hydrazine  was  estimated  at  8.0  ng/ml  or  0.008  ppm. 

At  this  point  in  the  development  and  testing  of  the  method,  the 
first  pyrolytic  graphite  tube  cracked.  It  had  lasted  a total  of  377 
atomization  cycles.  It  had  shown  remarkably  constancy  of  performance 
as  shown  by  the  reproducibility  of  standard  solution  absorbances  after 
a five-day  interval  (See  Figure  4).  A new  pyrolytic  graphite  tube  was 
inserted,  and  after  a few  days,  solutions  U , U , and  U were  analyzed 
again  along  with  the  standards.  From  the  12.5  ng  loss  of  Ti  during 
preconcentration  a new  iA  of  0.270  was  calculated.  It  was  found  that 
a brown  precipitate  which  had  formed  in  the  tank-hydrazine  Ti  solutions 
had  evidently  adsorbed  some  of  the  Ti  in  the  solutions.  The  average 
Ti  now  calculated  was  3.6  ng/ml  or  ppb . This  development  points  out 
the  importance  of  performing  the  A A analysis  on  tank  hydrazine  samples 
soon  after  the  preconcentration  and  take-up  solution  steps. 

It  might  be  added  at  this  point  that,  in  all,  three  different 
pyrolytic  graphite  tubes  were  used  during  this  entire  summer  project. 

The  second  tube  lasted  for  a total  of  112  atomization  cycles.  The 
third  tube  is  still  functioning  after  105  atomization  cycles.  The 
plots  of  Ti  concentration  versus  absorbance  obtained  for  the  same  set 
of  aqueous  standards  using  the  three  different  tubes  are  shown  in 
Figure  5.  The  data  is  shown  in  Table  3.  All  operational  parameters 
remained  exactly  the  same  in  utilizing  the  AA  instrument. 
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PROCEDURAL  OUTLINE  OF  METHOD 


1.  Prepare  a set  of  standards  for  Ti  in  0.2%  HNO  (aqueous),  ranging  in 

concentration  from  2.0  to  6.0  ppm  (ng^l).  3 

2.  Take  100  ml  of  the  hydrazine  to  be  analyzed  for  Ti . Add  a standard 
amount  of  Ti  if  it  is  thought  that  the  concentration  of  Ti  already 
in  the  hydrazine  is  less  than  2.0  ppb . Use  100  ml  pure  N0H  as  a 
blank  and  100  ml  pure  N^H^  spiked  with  a standard  addition  of  Ti 

as  a means  of  calculating  &A. 

3.  Evaporate  the  100  ml  volumes  of  hydrazine  (with  or  without  the 

standard  additions)  to  complete  dryness  in  a preconcentrator 
apparatus.  IMPORTAN i : This  must  be  a drop -by-drop  flash  evaporation 
of  hydrazine  under  reduced  pressure  and  at  an  elevated  temperature. 
Evaporation  of  large  volumes  of  N H by  ordinary  means  is  extremely 
hazardous!  ^ 4 

4.  Take  up  the  resulting  residue  in  about  15  ml  of  0.2%  HNO  solution 

brought  to  a boil.  3 

5.  Evaporate  the  resulting  take-up  solution  to  exactly  1.0  ml  volume. 

6.  Analyze  the  sample  along  with  the  standards  by  AA  using  a graphite 

furnace  tube  coated  with  pyrolytic  graphite.  Suggested  parameters 
for  analysis  are:  = 365. 4nm,  slit  width  = 0.2nm,  recorder  voltage  = 

10  mv,  volume  of  sample  used  = 10  f-^1 , argon  gas  purge  rate  - 55  cc.min. 
coolant  water  flow  rate  =1.5  liters/min . , drying  temperature  = 150°C 
for  20  seconds,  charring  temperature  = 1800°C  for  5 seconds,  atomiza- 
tion temperature  = 2800°C  for  7 seconds. 

7.  Plot  the  standard  curve  and  calculate  & A by  comparing  the  absorbance 
oi  the  spiked  pure  N^H^  sample  with  the  absorbance  of  a corresponding 
aqueous  standard. 

8.  Add  A A to  the  absorbance  of  the  sample  i 1 •.  analyzed  and  locate 

A t4A  on  the  standard  curve.  Read  off  t concentration  of  Ti  in  the 

sample  injected  into  the  furnace. 

9.  Subtract  the  standard  addition  of  Ti  (if  applicable)  to  get  the 
concentration  of  Ti  in  the  original  sample. 


The  above  procedure  may  be  modified  in  many  ways  to  suit  the  specific 
conditions  and  needs  of  the  operator. 
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The  above  results  poinc  tr  a statistically  sound  and  viable  method 
for  analysing  Ti  in  hydrazine . 
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TEST  OF  METHOD  BY  "BLIND  EXPERIMENTS" 


The  method  was  further  evaluated  by  having  the  investigator  run 
through  the  procedure  a series  of  four  solutions  in  which  the  Ti 
concentrations  were  totally  unknown  to  him  but  known  to  his  research 
colleague  who  prepared  them.  One  standard  addition  of  1.00  ml  of 
3.00  ng,M  Ti  to  an  equal  volume  of  N.H  (50  ml)  was  carried  through 
the  procedure  in  order  to  determine  AS  for  this  series  of  "blind 
experiments'  . Three  drops  of  glycerol  was  added  to  each  solution  to 
see  if  this  would  diminish  the  loss  of  Ti  by  spattering.  Care  was 
taken  to  preconcentrate  each  solution  as  carefully  as  possible.  The 
glycerol  addition  did  not  help  to  diminish  A A , for  the  A A value  was 
calculated  as  0.267  tor  those  samples  preconcentrated  on  July  24.  25, 
and  0.309  for  those  samples  preconcentrated  on  July  26  (See  Table  5). 
Samples  1,  2,  and  3 (with  the  lower  A A)  resulted  in  2.28,  2.25,  and 
2.25  ng.'^-l  Ti  respectively  being  found  in  solution.  Sample  4 (with 
higher  A A)  resulted  in  2.40  ng/^1  Ti  found.  The  actual  concentration 
of  Ti  added  to  each  of  the  four  solutions  was  2.00  ng//*l  (ppm).  Thus 
the  percent  error  ranged  from  12.5%  to  20.0%  with  an  average  of  14.8%. 
Considering  the  high O A values  that  were  encountered  in  this  series 
of  trials  and  the  small  amounts  of  Ti  under  analysis,  J he  relative 
errors  are  not  unusually  high  and  do  not  detract  from  the  feasibility 
of  this  method.  On  the  contrary,  the  results  emphasize  the  high 
degree  of  precision  and  reproducibility  achieved  by  the  method  of 
analyzing  Ti  in  N5H4>  and  reaffirm  the  importance  of  finding  a way 
to  preconcentrate-  hydrazine  with  minimal  losses  of  dissolved 
materials . 


CONCLUSIONS  AND  RECOMMENDATIONS 


The  principal  objective  of  this  summer  research  project  has  been 
attained  - to  develop  a reliable  quantitative  method  of  determining 
titanium  in  hydrazine  at  the  ng/ml  level  (ppb).  The  method,  utilizing 
a 100-fold  preconcentration  of  hydrazine  followed  by  uptake  with  15.0  ml 
of  0.2%  HNO  , evaporation  to  exactly  1.0  ml  and  analysis  of  10  Ad 
injections  By  atomic  absorption  analysis  at  365.4  run  wavelength 
(pvrolytic  graphite  tube),  proved  to  be  reliable,  reproducible,  reason- 
ably rapid,  and  statistically  sound. 

The  step  in  the  method  that  is  slowest  and  potentially  the  most 
likely  to  incur  error  (physical  loss  of  Ti)  is  the  preconcentration 
step.  This  step  is  exceedingly  operator-dependent.  The  flash  evapora- 
tion  must  be  carefully  watched  and  controlled  so  that  it  occurs  drop— 
by-drop  at  low  pressures  (15  to  30  mm)  and  elevated  temperature  (about 
100  C).  The  author  recommends  (1)  the  construction  of  a preconcentrator 
with  a needle  valve  that  could  keep  the  drop  rate  at  a smaller  constant 
value  and  with  several  units  connected  in  series  by  a manifold  to  cut 
down  on  operator  time  per  sample,  or  (2)  the  slow  evaporation  of  the 
hydrazine  under  nitrogen  at  atomspheric  pressure.  This  latter  procedure 
would  avert  the  problems  of  flash  evaporation  and  would  permit  many 
samples  to  be  preconcentrated  at  once.  However,  it  would  present  other 
problems  - disposal  of  the  hydrazine  vapors  or  condensate,  for  example. 

The  method  developed  in  this  study  could  be  adapted  to  the  analysis 
by  AA  of  other  metals  found  in  the  construction  of  the  tanks  used  to 
hold  hydrazine.  Examples  of  such  metals  are  vanadium  (Ref.  6),  aluminum 
(Ret.  6),  iron  (Ref.  7),  and  nickel  (Ref.  8).  Such  multiple-element 
analysis  from  the  same  solutions  would  make  the  method  much  more 
efficient  and  productive  from  a time-saving  standpoint.  The  author 
recommends  a continuation  of  this  project  in  order  to  develop  such 
multiple-element  methods.  When  atomic  absorption  proves  to  be  non— 
feasible  for  a particular  metal,  the  method  of  differential  pulse 
anodic  stripping  voltammetry  (DPASV)  could  be  investigated  (Ref.  9). 
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/*A  = 0.210 


FIGURE  1 


ATOMIC  ABSORPTION  DATA  FOR  TITANIUM  IN  AQUEOUS 
STANDARDS  AND  AFTER  RECOVERY  FROM  HYDRAZINE 
(FIRST  GRAPHITE  TUBE) 


s 


VOLUME  INJECTED  = 10  AH 


£3  STANDARD  CURVE  DATA 


a STANDARD  CURVE  DATA,  DOTTED  PORTION  BELOW  OPTIMAL  LIMITS 
X ORIGINAL  ABSORBANCES  OF  UNKNOWNS  ^ , U0 , U 

<3  A i-  4A  VALUES  FOR  UNKNOWNS  U}  , U0 , U. 


B STANDARDS  EXAMINED  JUNE  23,  1978 
Q STANDARDS  EXAMINED  JUNE  28,  1978 


VOLUME  INJECTED 


TABLE  1 


ATOMIC  ABSORPTION  DATA  FOR  TITANIUM  IN  AQUEOUS 
STANDARDS  AND  AFTER  RECOVERY  FROM  HYDRAZINE 
(FIRST  GRAPHITE  TUBE) 


Standard 

Nc. 

Si 

ng/f*i 

ng  Ti 
Examined 

A* 

1 

2 .00 

20.0 

0.332 

2 

3 .00 

30.0 

0.520 

3 

4.00 

40.0 

0.625 

4 

5.00 

50.0 

0.820 

5 

6 .00 

60  .0 

0.880 

Solution 

No. 

CTi 
ng/  1 

ng  Ti 
Examined 
(Theor . ) 

A* 

% Ti 

Recovered 

A A 

1 

2.00 

20.0 

0.115 

34.6 

0.217 

2 

3.00 

30.0 

0.280 

53  .8 

0.240 

3 

4.00 

40  .0 

0.410 

65 .6 

0.215 

4 

5 .00 

50.0 

0.630 

76  .8 

0.190 

5 

6 .00 

60.0 

0.670 

76.1 

0.210 

Volume  injected  into  graphite  furnace  = lO/^-l  4 

* Absorbance  readings  corrected  for  blank  and  averaged 
Blank  absorbance  reading  = 0.040 
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TABLE  2 


DATA  AND  CALCULATIONS  IN  THE  ANALYSIS  OK  TITANIUM  IN 
HYDRAZINE  STORED  FOR  TWO  YEARS  IN  TITANIUM  ALLOY  TANK 


Solution 

Examined 

CTi  Ingulf 

A* 

A r 

Blank 

0.00 

0.00 

Standard  No 

. 1 

2.00 

0.326 

Standard  No 

2 

3.00 

0.500 

Standard  No 

. 3 

4.00 

0.660 

Standard  No 

. 4 

5.00 

0.825 

Solution  No 
"As  Is" 

. 1 

U1 

0.003 

0.213 

Solution  No 
Spike:  20 

2 

ng  Ti 

u2 

0.232 

0.442 

Solution  No.  3 
Spike:  40  ng  Ti 

Volume  injected 

U3 

into  graphite 

0.588 

furnace  = 10  ja  l 

0.798 
( A = 

♦Absorbance  readings  corrected  for  blank  and  averaged 
Blank  absorbance  reading  = 0.040 


CALCULATIONS  OF  UNKNOWN  CONCENTRATIONS 

U,  neglected  because  A r AA  = 0.003  + 0.213  <0.326 

corresponding  to  2.00  ng^tl 

For  U9 , A i-  4A  = 0.232  r 0.210  = 0.442  corresponding  to  2.73  ng  ul 

on  standard  curve 

U,,  = (2.73  ng  Ul  x 10  ^il)  - 20.00  ng  = 7.3  ng  Ti 

( per  ml  N H ) 

2 4 

For  Uj  , A + Aa  = 0.588  0.210  = 0.798  corresponding  to  4.87  ng  yui 

on  standard  curve 


Average  C^^ 


U - (4.87  ng  lx  10  Ml)  - 40.00  ng  = 8.7  ng  Ti 

(per  ml  N. ,H  ) 

2 4 


in  N,H,  from  tank 
2 4 


7.3  >8.7  _ 8.0  ng  ’ r 0.008  ppm 
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TABLE  3 


DATA  FOR  TITANIUM  CONCENTRATION 
VERSUS  ABSORBANCE  FOR  AQUEOUS  STANDARDS • 

A COMPARISON  OF  THREE  DIFFERENT  GRAPHITE  TUBES 


Graphite  Tube  1 Graphite  Tube  2 Graphite 
Standard  C A*  ,* 

No . Tl  A* 

r‘g.  


1 

2 .00 

0.329 

0.450 

0 .455 

2 

3.00 

0.484 

0 .650 

0.684 

3 

4.00 

0.629 

0.830 

0 .840 

4 

5.00 

0.829 

0.980 

1 .020 

5 

6.00 

0.920 

1 .080 

Volume 

injected 

into  graphite  furnace 

= lOjul 

•'Absorbance  readings  corrected  for  blank  and  averaged 
Blank  absorbance  reading  = 0.040 


TABLE  4 


STATISTICAL  EVALUATION  OF  METHOD 


Solution 

CTi 

ng/M 

A* 

A -r  £A 

CTi  (Found) 
ng/M  (xj 

I x - * if 

1*  - *i2 

Standard  1 

2 .00 

0.420 

Standard  2 

3.00 

0.605 

Standard  3 

4.00 

0.712 

Standard  4 

5.00 

0.807 

Standard  5 

6 .00 

— 

Sample  1 

3.00 

0.183 

0.663 

3.29 

0.19 

0.0361 

Sample  2 

3.00 

0.130 

0.610 

3 .03 

0.07 

0.0049 

Sample  3 

3 .00 

0.133 

0.613 

3 .04 

0.06 

0.0036 

Sample  4 

3.00 

0.188 

0.668 

3.31 

0.21 

0.0441 

Sample  5 

3.00 

0.130 

0.610 

3 .03 

0.07 

0.0049 

Sample  6 

3.00 

0.130 

0.610 

3.03 

0.07 

0.0049 

Sample  7 

3.00 

0.149 

0.629 

3.12 

0.02 

0.0004 

Sample  8 

3.00 

0.109 

0.589 

2.93 

0.17 

0.0289 

Sample  9 

3.00 

0.123 

0.603 

2.99 

0.11 

0.0121 

Sample  10 

3.00 

0.170 

0.650 

3.23 

0.13 

0.0169 

x = 3.10 

0.1568  =£|x 

Volume  injected  into 

graphite 

furnace  = 10  /^l 

♦Absorbance 

readings 

corrected 

for  blank  (0.040)  and  averaged 

d A = 0.470 

for  this 

series  of 

standards  and 

samples 

STATISTICAL 

RESULTS 

Mean  (x)  =3 

.10  ng,M 

Standard  deviation,  s = 


*2ix-xj./ 


0.1568 


n-1 


= + 0.132 


0 132 

Relat  ive  standard  deviation  = _ ' x 100  = 4.4? 


3.00 


Concentration  found  = 3.10  0.132  ng ,/*l  Ti  (or  31.0  ng  r 1.32  ng  Ti 

analyzed  per  sample) 


Range  = 3.31  - 2.93  = 0.38  ngy*! 


% Error  ( based  on  accepted  value  of  3.00  ng  - x 100  - 


; .oo 
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TABLE  5 


Solution 

RESULTS 

A* 

OF  "BLIND  EXPERIMENT"  ANALYSES  USING 
THE  METHOD  DEVELOPED 

* 

A r 2lA  ng,A<-l  Ti  ng //VI  Ti 

(Found)  (Actual) 

% Error 

Standard 

1 

0.380 

2.00 

Standard 

2 

0.540 

3.00 

Standard 

3 

0.660 

4.00 

Standard 

4 

0.765 

5.00 

Sample  1 

0.150 

0.417 

2.28 

2 .00 

14.0% 

Sample  2 

0.147 

0.414 

2 .25 

2 .00 

12.5% 

Sample  3 

0.147 

0.414 

2.25 

2.00 

12.5% 

Sample  4 

0.125 

0.434 

2.40 

2.00 

20 . 0% 

Sample  5 
( known) 

0.209 

0.518 

3 .00 

'•Absorbance  values  averaged  and  corrected  for  blank  (0.020) 

P 

AA  for  samples  1,  2,  and  3 (preconcentrated  on  July  24,  25)  assumed 
to  be  0.518  - (0.209)  (0.150)  = 0.267 
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ABSTRACT 


Two  major  problems  confronting  successful  firing  of  solid  propellant 
motors  are  ballistic  failure  due  to  thermal  cooldown  in  storage  and  rapid 
pressurization  during  ignition.  Although  it  has  been  observed  that  some 
motors  with  pre-existing  flaws  were  fired  successfully  in  a case  where 
the  burning  rate  of  propellant  exceeds  that  of  crack  growth,  it  is 
imperative  that  some  realistic  failure  prediction  techniques  be  developed 
to  cope  with  these  problems.  This  will  include  detection  of  flaw  size 
and  site,  rational  failure  criteria  in  case  of  motors  with  subcritical 
flaws,  and  prediction  of  crack  initiation  and  growth. 

In  this  report,  emphasis  is  placed  on  the  survey  of  fracture  mechanics 
analyses  which  are  pertinent  to  the  prediction  of  fracture  behavior 
related  to  solid  propellant  motors. 

First  a brief  sketch  of  historical  development  leading  toward  current 
practice  is  given.  Secondly,  current  research  on  fracture  mechanics  is 
reviewed  and  summarized.  Thirdly,  correlations  among  the  theoiies  and 
experimental  data  obtained  from  realistic  propellant  materials  are  discussed. 

Evaluation  and  assessment  of  these  theories  and  experimental  results 
indicate  that  further  improvements  are  needed  in  the  areas  of  nonlinear 
characterization  of  solid  propellant  materials,  bi-material  fracture 
mechanics,  crack  propagation  under  complex  stress  and  strain  fields,  aging 
and  rehealing  characteristics,  and  numerical  techniques  related  to  nonlinear 
fracture  mechanics. 


Literature  cited  in  the  report  is  categorized  according  to  "theory", 
"experimental  analysis",  "numerical  analysis",  and  "application  to  solid 
propellants"  to  facilitate  future  investigations  in  the  subject  matter  of 
fracture  and  failure  behaviors  of  solid  propellants. 
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1. 


INTRODUCTION 


Conventionally,  design  and  life  prediction  of  solid  propellant  motors 
were  based  on  discrete  failure  criteria  and  cumulative  damage  criteria  . 
Depending  on  past  experience  encountered  by  various  companies,  each  manu- 
facturer of  solid  propellant  motors  adopted  its  own  set  of  criteria  which 
proved  successful  in  case  of  unflawed  motors;  uncertainties  being  accounted 
for  by  the  incorporation  of  factor  of  safety  in  its  designs.  However,  with 
recent  developments  in  viscoelastic  fracture  mechanics  theory,  it  is  now 
practical  to  apply  fracture  mechanics  to  the  prediction  of  service  life 
of  solid  propellant  motors. 

Observations  of  failure  occurrences  in  the  recent  past  showed  that 
failures  in  solid  propellant  motors  are  largely  due  to  thermal  cool-down  in 
storage,  rapid  pressurization  during  ignition,  or  burning  in  preexisting 
flaws  which  acts  as  a crack  driver.  For  example,  some  early  Minuteman  III 
Stage  III  development  motors  had  aft-end  case-liner  failures  a few  seconds 
after  ignition  due  to  cracks  in  the  material  interface  or  "debonds".  This 
problem  recurred  in  1970-72  with  certain  motors  having  potted  voids  as  well 
as  in  defect-free  motors  at  AEDC  in  an  altitude  test  in  1975. 

Therefore,  it  becomes  imperative  that  service  life  prediction  should 
include  fracture  mechanics  analysis  to  insure  successful  firings  of  solid 
propellant  motors  which  will  meet  all  the  ballistic  tolerances.  It  was  also 
observed  that,  despite  the  presence  of  flaws,  if  the  propellant  burning  rate 
exceeds  that  of  crack  growth  in  the  absence  of  burning  within  the  flaws,  then 
motors  are  known  to  fire  successfully  within  the  ballistic  tolerances. 

In  view  of  this,  one  is  confronted  with  the  following  problems  for  the 
structural  prediction  of  service  life  of  a solid  propellant  motor. 

(a)  Determination  and  detection  of  critical  flaw  size  and  site. 

(b)  Crack  initiation 

(c)  Crack  growth  (quasi-static) 

(d)  Crack  propagation  (dynamic) 

For  the  detection  of  spherical  voids  and  planar  cracks  with  a crack  angle 
of  5 degrees  or  greater,  X-ray  has  been  successfully  used  on  structural  test 
vehicles  (STV's)  and  actual  motors.  More  recently,  an  acoustical  holography 
technique  for  flaw  detection  has  been  developed  in  Air  Force  Rocket  Propulsion 
Laboratory  contracts  with  Aerojet  and  Holosonics,  Inc.  and  is  expected  to  be 
superior  to  X-ray  in  detecting  planar  flaws. 
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In  the  "stress  intensity  factor"  (SIF)  approach,  the  crack  growth  cri- 
terion is  that  if  the  local  state  of  stress  at  the  crack  tip  Kj  should  surpass 
a certain  critical  value  (characteristic  of  the  geometry,  material  prop- 

erties, and  applied  load)  crack  growth  will  initiate. 

Owing  to  complexity  in  geometry,  constitutive  nonlinearity,  and  loading 
environment  encountered  by  the  solid  propellant  during  its  life  cycle,  the 
prediction  of  crack  behavior  is  not  a trivial  matter.  The  general  approach 
to  the  solution  currently  in  use  is  schematically  described  in  Figure  2 to 
clarify  the  over-all  problems  which  are  encountered  in  fracture  analysis. 

In  the  following  sections  the  primary  objective  of  this  report  will  be 
stated,  current  theories  and  practices  concerning  prediction  of  failures  due 
to  crack  propagation  will  be  reviewed,  and  those  areas  needing  further  improve- 
ments will  be  identified. 


2.  OBJECTIVES 

The  objective  of  this  report  is  primarily  concerned  with  the  survey  of 
the  current  theories  and  practices  related  to  prediction  of  failure  behavior 
of  solid  propellant  motors.  Based  on  this  survey  and  the  degree  of  agreement 
or  disagreement  between  the  theory  or  theories  and  experimental  data  as  well 
as  real-life  failure  phenomena,  those  areas  which  require  further  improvement 
and  investigation  as  well  as  those  research  results  which  can  be  readily 
implemented  in  solid  propellant  analyses  will  be  identified. 
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In  particular,  those  theories  proposed  by  Schapery  , Hufferd  , 

Lindsey  ^0,  and  Swanson  will  be  reviewed  and  their  correlations  with 
experiments  examined. 


3.  SURVEY  OF  EXISTING  THEORIES 

In  the  following  subsections,  a brief  history  of  the  development  of  frac- 
ture mechanics  theory  is  described,  then  various  failure  criteria  currently 
in  use  are  summarized.  Current  theories  which  show  the  most  promise  are  then 
reviewed,  and  associated  numerical  and  experimental  techniques  as  well  as 
correlations  among  the  theories  and  existing  experimental  data  are  discussed. 
Finally,  various  theories  are  summarized  in  a table  to  facilitate  future 
reference. 

3.1  3rief  Historical  Sketch 

3 

The  origin  of  fracture  mechanics  is  rightfully  traced  back  to  Griffith 

Using  the  surface  energy  concept  and  Ingliss'  elastic  analysis  he  arrived 

at  an  expression  for  the  critical  stress  <~T~  for  failure  in  an  infinite 

cr 


elastic  solid  containing  a crack  of  size  2 C as 


/ 2 ET 

( J"  = 1/  ^ (plane  strain)  (2 

cr  V TT  (l-y  )C 

Where  E is  the  Young's  modulus,  1 is  the  surface  energy  per  unit  area, 
the  Poisson's  ratio,  and  C is  half  the  crack  size. 

In  spite  of  the  infinite  stress  at  the  crack  tip  due  to  overextensio 
of  the  elastic  theory,  the  result  is  surprisingly  in  agreement  with  the 
experiments . 

Since  no  material  is  capable  of  sustaining  infinite  stress,  neither  i 
stress  and  displacement  fields  which  occur  at  the  crack  tip  nor  the  finite 
crack  growth  rate  can  be  accounted  for  by  Griffith's  theory.  To  remove  tl 
difficulty  Barenblatt  ^3  developed  a cohesive  zone  model  in  the  neighbortu 
of  the  crack  tip.  On  the  verge  of  rupture  at  the  crack  tip,  the  cohesive 
force  increases  to  resist  tearing.  As  a result  a finite  crack  tip  stress 
achieved . 

The  alternative  approach  in  the  crack  problem  is  the  use  of  stress  i’ 
sity  factor  K^.  or  energy  release  rate  G instead  of  the  fracture  energy 
concept.  When  the  stress  intensity  factor  or  the  energy  release  rate  G ( 
are  dependent  on  applied  load  and  geometry)  reaches  a critical  value,  era 
growth  takes  place.  One  advantage  of  this  method  is  perhaps  the  convenie 
of  evaluating  the  stress  intensity  factor  by  the  use  of  superposition  of 
stress  intensity  factors  for  various  types  of  load  systems  which  are  avai 
in  tabulated  forms  ^ 

Extension  of  the  Griffith  Problem  to  a linearly  viscoelastic  problem 
pioneered  by  Williams  . He  used  a spherical  cavity  model  and  a generaliz 
of  fracture  energy  balance  which  is  referred  to  as  the  thermodynamic  powe 
balance  ^6.  The  critical  stress  is  given  in  a form  similar  to  Griffith's 
results : 

<Tcr  = k / (E/2  C)'  (Tb'+  Td  + Tv  + ) 

where  k is  a geometrical  factor,  E the  modulus,  and  T^,  , T^,  etc.  repr 

dissipation  energy  associated  with  brittle,  ductile,  and  viscoelastic  pre 
respectively . 

Further  improvements  of  Williams'  theory  were  made  by  Knauss  and  hie 
co-workers  27-30,  and  were  applied  to  solid  propellant  of  the  PBAN  tvpe  t 
Layton  and  Bennett  21.  Reasonable  agreement  between  the  theorv  and  exper 
was  observed  for  constant-strain  experiments  at  various  temperatures. 

Nuismer  22  Has  observed  some  discrepancies  between  Williams'  and  Gr; 
theories  although  both  theories  were  based  on  similar  models.  By  account 
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for  the  mass  density  change  which  takes  place  at  the  crack  tip,  he  showed 
that  both  theories  gave  equivalent  results;  he  also  concluded  that  the 
thermodynamic  power  balance  law  cannot  be  used  to  predict  crack  growth  rate 
without  further  modification. 

16  23 

More  recently,  Schapery  extended  Barenblatt's  cohesive-zone  theory 

to  viscoelastic  materials.  Crack  initiation  time  as  well  as  crack  growth 
time  is  shown  to  be  related  to  the  stress  intensity  factor  through  a relatively 
simple  formula  17.  The  most  significant  aspects  of  Schapery 's  theory  were 
probably  in  removing  two  shortcomings  in  the  previous  theories;  namely,  the 
assumption  of  idealized  material  at  the  crack  tip  zone  and  the  complicated 
crack  growth  governing  equation  which  could  be  solved  only  by  numerical 
techniques . 

Using  damage  function  criteria,  Hufferd  and  his  co-workers  developed  a 
theory  and  showed  the  theory  to  have  a reasonably  good  agreement  with  uniaxial 
and  biaxial  test  data  on  TP-H1011  propellant. 

Based  on  a linear  viscoelastic  constitutive  law  modified  by  a temperature- 
strain  dependent  factor  aF , Lindsey  developed  a quasiviscoelastic  method  34  > 

The  validity  of  the  theory  is  being  tested  at  Chemical  Systems  Division  of 
United  Technologies  on  AFRPL  Contract  F04611-7 5-C-0027 , " Predictive  Techniques 
for  Failure  Mechanisms  in  Solid  Rocket  Motors".  Swanson  extended  Schapery' s 
cohesive-zone  theory  to  the  dynamic  case  21.  In  the  absence  of  dynamic  effects, 
this  theory  reduces  to  that  of  Schapery. 

27-?9 

Using  Knauss  basic  approach  , the  stress  intensity  factor  concept, 

and  an  extensive  finite-element  numerical  analysis  33,  3h^  Francis,  et  al  35 
developed  a viscoelastic  fracture  analysis  for  a two-dimensional  realistic 
rocket  geometry  using  Solithane  113,  and  found  reasonable  agreement  between 
the  theory  and  experiment  for  crack  initiation.  However,  he  found  that  the 
analytic  predictions  of  crack  growth  history  required  a more  accurate  descrip- 
tion of  material  characterization  with  temperature  dependence  than  was  avail- 
able. 

Swanson  used  Schapery's  theory  ^ and  approximate  analysis  ^ ' in  conjunc- 
tion with  existing  data  on  realistic  solid  propellant  materials  ^9,  35,  36  for 
a correlation  study.  The  agreement  between  theory  and  experimental  data  was 
found  to  be  excellent  for  a wide  range  of  variables  (temperature,  '•train  level, 
strain  rate,  etc.)  provided  the  fracture  energy  density  was  modified  to  account 
for  history  dependence. 

37 

Beckwith  and  Wang  also  applied  Schapery  s approximate  theory  to  a 
constant  strain  rate  experiment  on  crack  initiation  and  growth  rate  using 
biaxial  composite-modified  double-base  (CMDB)  propellant  specimens  to  study 
the  effects  of  s train,  temperature,  and  pressure  dependence  as  well  as  effects 
of  prestrain  damage  and  rehealing. 

Presently,  Chemical  Systems  Division/United  Technologies  is  engaged  in 
an  extensive  on-going  research  and  development  program  (AFRPL  Contract  F04611- 
75-C-0027)  concerned  with  the  failure  mechanisms  of  solid  propellants.  It  is 
anticipated  that  the  result  of  this  research  will  bring  to  light  many  aspects 
of  failure  prediction  theories  as  well  as  techniques  so  as  to  make  engineer- 
ing application  of  fracture  mechanics  to  the  design,  analysis,  and  surveillance 
of  soliu  propellant  motors  well  stanaaraizeu  routine  matters. 
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3.2  Failure  Criteria 


In  solid  propellant  motor  structural  design  and  integrity  verification, 
it  is  imperative  that  a set  of  criteria  be  established  for  analytical  assess- 
ment and  prediction  of  the  physical  behavior  of  motors  throughout  their 
service  life.  Owing  to  the  temperature  and  time  dependence,  complex  geometry, 
nonlinear  (thermorheologically  simple  or  complex)  responses,  as  well  as  aging 
and  rehealing  processes  inherent  to  some  propellant  materials,  a unified 
set  of  criteria  such  as  might  exist  for  a monolithic,  isotropic,  elastic 
material  is  yet  to  be  developed. 

From  a practical  point  of  view  (recognizing  factors  such  as  economics, 
time,  and  ever-changing  materials  in  development),  the  current  practice  is 
to  resort  to  what  may  be  referred  to  as  discrete  failure  criteria,  in  which 
safety  factors  based  on  past  experiences  are  incorporated  to  account  for 
the  uncertainties.  In  the  case  of  unflawed  motors,  this  approach  has  proven 
to  be  adequate  most  of  the  time  as  demonstrated  in  the  past  designs.  On  the 
other  hand,  in  the  case  of  motors  with  flaws,  the  criticality  of  flaw  size, 
modes  and  rate  of  crack  initiation  and  growth,  nonlinear  characteristics  of 
material  at  the  crack  tip,  and  aging  and/or  rehealing  characteristics  are 
some  of  the  factors  which  need  to  be  considered.  In  general,  the  crack 
initiation  and  growth  predictions  depend  on  two  failure  criteria,  namely 
"critical  fracture  energy  density"  and  "stress  intensity  factor". 

An  overview  of  the  failure  criteria  is  summarized  in  Figure  3. 

In  any  strength  or  failure  analysis,  first  the  potential  modes  of 
failure  must  be  predicted  - either  analytically,  experimentally,  or  from 
past  experience.  Once  the  modes  of  failure  are  known  or  surmised  under 
various  loading  conditions  experienced  by  the  solid  propellant  motors,  appro- 
priate experiments  must  be  carried  out  to  simulate  a realistic  loading 
environment  to  establish  the  corresponding  failure  criteria.  The  vast 
amount  of  effort  exerted  in  the  past  on  research  associated  with  the  design 
of  solid  propellant  motors  has  more  or  less  standardized  procedures  for 
failure  prediction  1.  However,  new  revisions  based  on  more  recent  findings 
are  definitely  in  order,  particularly  in  the  areas  of  cumulative  damage 
criteria,  probabilistic  failure  studies,  and  rate  dependent  characterization 
of  fracture  energy  ^7. 

3.3  Review  of  Current  Fracture  Mechanics  Theories 


As  previously  mentioned,  prediction  of  crack  initiation  and  growth  is 
governed  by  two  alternative  criteria,  namely  that  of  "energy"  and  "stress 
intensity  factor".  In  their  respective  fundamental  forms,  these  criteria 
are  described  by  the  following  equations. 


(3.3) 


Kt  >:  K 


IC 


(3.4) 
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"nximum  pr-incinal  strain  at 

f'r-iln  bore  or  bond  lin^s 


In  either  case,  the  left  hand  side  of  the  equation  is  evaluated  by 
continuum  mechanics  using  various  numerical  techniques,  whereas  the  right 
hand  side  of  the  equation,  which  represents  the  critical  value  that  may  be 
sustained  by  the  material  in  question,  is  determined  from  experiment  under 
various  loading  conditions  (e.g.,  thermal  cool-down,  controlled  strain  rate, 
relaxation,  pressurization,  etc.).  The  true  verification  of  equation  (3.3), 
which  requires  independent  determination  of  the  critical  fracture  energy 
solely  by  physics,  is  still  a task  of  the  future. 


On  the  other  hand,  with  modern  developments  in  numerical  analysis 
utilizing  sophisticated  computer  codes,  the  left  hand  side  of  the  equation 
is  readily  determined.  Owing  to  the  complexity  associated  with  geometries 
as  well  as  constitutive  laws,  final  solution  to  all  modern  engineering 
problems  seems  to  be  at  the  mercy  of  available  numerical  techniques.  Perhaps 
the  most  versatile  and  powerful  numerical  technique  available  today  is  the 
"finite  element  method". 


To  meet  the  demand  of  ever-increasing  sophistication  in  solid  propel- 
lant motor  analysis,  AFRPL  has  sponsored  the  development  of  a family  of 
structural  analysis  computer  programs.  The  first  computer  program,  developed 
under  a contract  to  United  Technology  Center  (now  CSD)  in  conjunction  with  the 


Texas  Institute  for  Computational  Mechanics  (Universitv  of  Texas),  is  referred 
to  as  TEXGAP  4D.  The  evolution  of  this  computer  code  in  subsequent  con- 


tracts to  other  contractors  into  TEXGAP-2D  and  TEXGAP- 3D  (with  modifications), 
together  with  possible  future  improvements,  is  shown  in  Figure  4.  As  in  any 
computer  code,  it  must  be  remembered  that  the  results  which  one  gets  are 
only  as  good  as  the  data  one  puts  into  the  computer  codes  47, 


In  the  following  subsections,  some  of  the  theories  which  have  been 
(or  are  being)  subjected  to  experimental  verification  using  realistic  propel- 
lant materials  will  be  outlined  and  their  correlation  with  the  existing  experi- 
mental data  examined. 


3.3.1  Schaperv's  Cohesive-Zone  Theory 
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Prior  to  Schaperv  s work,  the  previous  theories  were  subjected  to 


two  rather  restrictive  limitations,  namely,  the  fracture  zone  was  modeled  by 
highly  idealized  material  and  the  prediction  of  time-dependent  crack  size  was 
given  only  numerically  (or,  if  analytically,  by  severely  idealized  media).  3v 
generalizing  Barenblatt's  cohesive  zone  model  and  introducing  an  assumption 
that  the  second  derivative  of  the  logarithm  of  creep  compliance  with  respect 
to  the  logarithm  of  time  is  small,  he  derived  a relatively  complete  theory  for 
the  prediction  of -crack  initiation  and  growth.  In  his  theory,  although  the 
material  outside  the  fracture  zone  is  assumed  to  be  linearly  viscoelastic, 
the  crack-tip  zone  material  is  not  restricted  to  obey  any  one  particular 
constitutive  law.  The  consequence  of  his  theory  is  summarized  in  four 
equations:  namely,  stress  distribution  implicitly  in  terms  of  opening-mode 

stress  intensity  factor;  two  displacement  field  equations  in  terms  of  material 
compliance  and  stress  distribution  at  and  near  the  crack  tip;  and  a failure 
criterion  equation  expressed  in  terms  of  stress  and  displacement  fields  in  the 
failure  zone.  To  find  the  solution  (crack  size  as  a function  of  time)  to  this 
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set  of  simultaneous  nonlinear  integral  equations  is  seemingly  an  insurmountable 
task.  However,  with  the  introduction  of  an  assumption  that  the  curvature  of 
creep  compliance  in  a log-log  space  is  small  (as  is  the  case  with  most  poly- 
meric materials) , the  four  governing  equations  for  the  prediction  were  greatly 
simplified  . 

Evaluating  the  work  done  by  the  surrounding  zone  on  the  failure  zone,  and 
equating  it  to  the  fracture  energy  P,  Schapery  arrived  at  an  expression  which 
relates  the  fracture  energy  P to  the  material  properties  and  the  stress  inten- 
sity factor 

r = cv^)  Ki2/8  (3.5) 

where  Cv(t)  is  related  to  the  uniaxial  plane  strain  creep  compliance  D(t)  , for 
a constant  value  of  Poisson's  ratio  U,  by  the  relation 

Cv(t)  = 4(l-JOD(t)  , (5.6) 


Kj  is  the  opening  mode  stress  intensity  factor,  and  t is  approximately  equal 
to  one  third  the  time  required  for  the  crack  tip  to  travel  the  failure  zone 
width  OLat  the  rate  of  a,  i.e. 

'tel  = «-/(3a)  (2.7) 

Finally  with  a power  law  approximation 

Cv  = C1tr‘  (3.3) 


and  the  help  of  equations  (3.6)  and  (3.7),  the  crack  propagation  speed  a is 
explicitly  given  as 

' k = | 7T(C1/3  T )1/n>n1/n  (K];  / OVJ2  (3.9) 

where  o~  is  the  maximum  stress  in  the  failure  zone  and  I,  is  related  to  the 

rp 

stress  distribution  f in  the  failure  zone. 


f(otn)/  Y"rT  dn 


(3.10) 


In  the  special  case  for  which  T is  proportional  to  velocity  and  O'  I,  is 
constant,  expression  (3.9)  reduces  to 


a = AKxq  (q  = 2 (1  - 1/n)) 


(3.11) 
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where  A is  a constant  represented  by  the  coefficient  of  the  K.  tern  in 
equation  (3.9) . 

For  the  case  where  stress  intensity  factor  is  a nondecreasing  function  of 
tine  and  the  failure  stress  distribution  is  a constant,  the  crack  initiation 
law  is  given  by 


r • i v <v  <u(2>  <h> 


where 


C 


(2) 


is  referred  to  as  secant 


compliance,  defined  by 


•t 

dK  -(  r ) 

C (t-  r } 

l 

v 

Jo 

d T 

d T 


(3.13) 


In  essence,  the  result  of  Schapery's  theory  is  given  by  equation  (3.9) 
for  the  crack  growth  rate  and  equation  (3.12)  for  the  calculation  of  initiation 
tine. 

Agreement  was  remarkably  good  between  this  theory  and  experimental  data 
previously  obtained  by  Knauss  for  predicting ,the  time  to  failure  of  a centrally 
cracked  solithane  50/50  specimen  under  load  ‘'‘5.  and  reasonably  good  for  predict- 
ing the  crack  velocity  in  a long  strip  under  moderate  strain. 

43 

Swanson  ~ has  carried  out  a detailed  correlation  study  of  Schap^jy'^.  ,, 
approximate  analysis  above  with  the  existing  data  on  P3AN  propellant  ’ 'b'  ' ' 

Unlike  the  solithane  specimens  of  previous  comparisons,  he  noticed  that  the 
fracture  energy  for  highly-filled  propellant  can  no  longer  be  assumed  constant 
but  is  possibly  related  to  crack  propagation  rate  a.  As  for  the  prediction  of 
initiation  time  D'J , a strong  time  dependence  of  fracture  energy  was  observed, 
he  concluded  that  at  least  for  the  class  of  propellant  data  used  for  compari- 
son, the  form  of  time  dependence  of  fracture  energy  may  be  related  to  leading 
history  and  requires  further  investigation. 

37 

3eckwith  ana  Vang  carried  out  a series  ot  experiments  or.  003  w'.onposrte 
Modified  Double  Base)  propellant.  They  found  significant  effects  of  strain 
level  on  the  crack  propagation  speed,  although  for  a constant  strain  level  test 
the  power-law  fern  of  equation  (3.11)  was  retained.  This  led  them  to  consider 
a crack  propagation  law  of  the  form 


= A 


<€0> 


I 


where  the  strain  levei  ( £0  ) dependence  nay  enter  coefficient  A through  creep 
compliance  or  the  nonlinear  characterization  of  the  failure  zone.  However, 
the  exact  functional  relation  between  A and  £g  requires  further  investigation. 
Based  on  crack  growth  data  on  HTPB  obtained  at  United  Technologies,  Chemical 
Systems  Division,  Schapery  observed  a power-law  equation  of  the  form 


31-17 


where  t is  a factor  dependent  on  the  strain  level  by  the  equation 


log  f = log  Kj.  - - log  a - 


log  a„ 
q E T 


(3.16) 


Due  to  the  lack  of  data  points,  determination  of  the  exponent  q requires  further 
experimental  work. 

Beckwith  and  Wang  also  discussed  the  effects  of  temperature  and  pressure 
on  the  crack  growth  rate.  They  found  that  the  general  temperature-time  shift 
principle  is  satisfied,  whereas  a pressure  enhancement  of  approximately  25  to 
30  percent  on  the  stress  intensity  factor  was  observed.  The  latter  finding 
on  pressure  enhancement  is  consistent  with  the  previous  observation  of  Layton 
and  Bennett  ^ . 

To  sum  up,  Schapery's  power-law  equation  seems  to  be  in  extremely  good 
agreement  for  unfilled  polymeric  materials.  However , due  to  a relatively  large 
value  assumed  by  the  exponent  q,  experimental  determination  of  accurate  crack 
initiation  time  could  be  quite  difficult.  As  for  solid  propellant,  due  to  the 
relatively  close  packing  of  the  solid  filler,  the  local  strain  is  quite  nor.lir.eai 
although  the  global  strain  may  be  small.  There  is  an  urgent  need  for  a nonlinear 
viscoelastic  fracture  analysis,  both  analytical  and  experimental,  based  on  the 
foundation  already  laid  for  the  linear  analysis. 

21 

3.3.2  Swanson's  Dynamic  Crack  Propagation  Theory 

Using  the  elastic-viscoelastic  correspondence  principle,  Swanson  examined 
dynamic,  opening-mode,  constant  velocity  crack  propagation  in  a general  linear 
viscoelastic  material.  3oth  the  singular  line  crack  and  cohesive  cone  models 
were  examined.  Since  the  singular  line  model  leads  to  a solution  which  is 
physically  unrealistic,  only  the  result  for  the  cohesive  cone  model  which  was 
developed  by  Sciiapery  will  be  hignlighted  here.  Application  of  the  correspon- 
dence principle  to  Craggs'  elastic  solution  leads  to  a relation  between 
the  fracture  energy  and  the  opening  mode  stress  intensity  factor  as  well  as 
dynamic  factor  A,  and  creep  function  J of  the  material. 


ax  (t- 


f(r-j}V7  -j  (3.1-) 


where  C is  the  crack  velocity  and  cA  is  the  failure  zone  width.  With  the  creep 
function  J approximated  by  the  power  law 


J = Jjt 


V.  J • — o J 


the  governing  equation  (3.17)  for  crack  propagation  simplifies  to 


(l-V)  VLa 
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where  3 and  5.,  are 
(3. 13) . 2y  setting 
is  readily  obtained 


related  to  the  exponent  n and  the  Gama  function 
mass  density  p to  zero,  Schapery's  quasi-static 
The  limiting  value  is  readily  shown  to  be 


of  n ir. 
result 


C 

max 


ot 


n/2 


Figure  5 shows  a typical  comparison  between  the  quasistatic  ana  dynamic  oredic- 
tion  of  crack  velocity. 


For  the  same  value  of  stress  intensity  factor,  the  crack  velocity  is 
smaller  for  dynamic  case  due  to  the  inertia  effect.  This  is  in  agreement  with 
general  observation,  however  further  experimental  work  is  needed  to  substantiate 
the  quantitative  results  of  this  theory. 

Since  the  elastic-viscoelastic  correspondence  principle  is  applicable  as 
shown  in  references  17  and  32,  extension  of  this  theory  to  a more  complex  stress 
state  should  not  present  undue  difficulty. 
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3.3.3  Kufferd’s  Damage  Function  Theory 

Dased  on  a nonlinear  viscoelastic  constitutive  law  with  permanent  memory 
and  the  thermodynamic  power  balance  of  ’.’illiams  ~ , Kufferd  and  his  co-worker s 
derived  a nonlinear  integro-dif f erer.tial  equation  for  the  determination  of 
crack  length  as  a function  of  time. 


For  a simple  geometry,  material  behavior,  and  constant  uniaxial  strain 
rate  stretching  of  a large  thin  sheet  containing  a crack  with  size  2a,  this 
equation  may  be  solved  explicitly  for  the  normalized  crack  size  X as  a function 
of  tine: 

X(t)  = a ? cosh  pc  (3.21 ; 

a (0) 

where  ? is  the  fracture  dissipation  power  defined  by  ? = 3/ 2y  and  2 is 

defined  by  an  integral  involving  the  fracture  energy  density  }*,  geometry, 
loading  history,  and  relaxation  modulus  of  the  material. 

For  a more  complex  geometry,  the  locus  of  the  crack  extension  must  're 
postulated  by  the  use  of  some  criterion.  Instead  of  the  usual  maximum  stress 
criterion,  the  damage  function  criterion  which  is  appropriate  to  material  with 
permanent  memory  was  used  in  the  analysis. 

The  solution  is  then  obtained  in  a form  analogous  to  equation  (3.21): 

X = f [ i/d~-  = cosh  c [/T-  /T]  0-2:> 

where  d is  the  experimentally  confirmed  damage  function  expressed  in  terms  of 
the  first  and  second  stress  invariants  9,  and  90  as  a function  of  loading 
history, 


i J 
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(3.23) 


d (t) 


= max  9. “ (t-s) 

o<5<»L  1 


39, 


and  is  the  critical  damage  measure. 

Time  dependence  enters  in  equation  (3.22)  implicitly  through  d and  d in 
which  flaw  geometry  and  loading  conditions  are  incorporated. 


Extensive  uniaxial  and  biaxial  tests  were  carried  out  for  TP-H1011  and 
Ah’B-3066  propellants,  and  they  indicated  reasonable  agreement  for  crack  size 
extensions  up  to  about  twice  the  original  size.  Strictly  speaking,  equation 
(3.21)  was  derived  with  the  assumption  tnat  the  normalized  crack  size  X is 
nearly  equal  to  1.  Application  of  this  theory  to  a more  realistic  propellant 
environment  was  investigated  under  the  AFRPL/CSD/l’T  Failure  Mechanisms 
Program,  predictions  'were  made  for  UTP  13,SQ3A  motor  failure  tests.  It  -..’as 
determined  that  more  research  is  needed  before  the  theory  will  be  ready  for 
engineering  application. 
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3.3.4  Lindsey's  Quasiviscoelastic  Method 


It  is  well  known  that  in  the  case  of  simultaneous  straining  and  t.aerma 
cool-down,  analysis  based  on  linear  thermorheologicallv  simple  constitutive 
law  often  underpredicts  the  stress.  Since  a nonlinear  viscoelastic  constitu- 
tive law  capable  of  handling  multitudes  of  thermal  as  well  as  mechanical  load 
histories  is  yet  to  be  developed,  similitude  tests  are  sometimes  utilized  for 
nonlinear  characterization.  Simple  uniaxial  or  biaxial  test  specimens  are 
subjected  to  a load  history  (thermal  and/or  mechanical)  similar  to  that 
encountered  by  the  solid  propellant  under  analysis.  The  constitutive  law  for 
the  uniaxial  case  then  takes  a familiar  hereditary  form  except  for  the 
temperature  strain  correction  factor  (t,£). 

O-  = j a„(T,  £ ) E [(t-TD/aJ  £ dT  (3.2-) 

J 0 

Based  on  this  constitutive  model  and  appropriate  numerical  analysi.- 
referred  to  as  the  quasiviscoelastic  method  (See  Section  5.  Reference  1 for 
detail.),  Lindsey  proposed  to  establish  fracture  criteria  in  terms  of  KT  for 
the  cylindrical  bore  crack  and  failure  envelope  for  the  end  crack. 

The  method  of  analysis  consists  of  the  division  of  time  into  small  inter 
vals  during  which  the  crack  is  assumed  to  be  stationary,  and  the  application 
of  quasielastic  analysis  during  each  time  interval.  This  method  is  currently 
under  experimental  verification  at  Chemical  Systems  _ ivision/Lnited  Technolog 


3.3  Summary 


A brief  history  of  the  development  cf  viscoelastic  fracture  mecnanics,  a 
overview  of  the  necessary  considerations  for  failure  prediction,  ana  some 
pertinent  theories  for  predicting  crack  initiation  and  growth  are  presented  i 
the  above  sections. 
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Current  theories  associated  vita  linear  viscoexastic  fracture 
vi  beer,  demonstrated  to  be  adequate  in  predicting  the  fracture  be 
linearly  viscoelastic  material,  however,  ir.  some  experimental  corr 
studies  Made,  the  fracture  energy  of  propellant  was  found  to  be  hig.ax? 
uer.t  on  strain  rate  as  veil  as  cn  past  loadiv.g  history.  The  enact 
or  fora,  of  this  tine  ueperdence  is  noc  well  known  and  further  stud: 
needed  for  better  characterization  of  the  constitutive  law  taking  i 
account  the  phenomena  of  debonding,  aging,  rehealing  etc.  'atiorr 
does  provide  foundations  for  the  nonlinear  characterization  of  vise 
Materials  3 . However,  a useful,  realistic  characterization  ir  nec 
solid  propellant.  Recently.  Quinlan  preposed  a constitutive  .c. 
debonding  particularization  of  his  general  theory  to  solid  propel] 
and  experimental  verification  is  an  objective  of  current  and  plar.ns 


e law  tiki 


izatior 

r.stitu: 


propel 


-.ec..  antes 


material 


The  extension  of  the  existing  fracture  theory  (watch  has  proven  appropri- 
ate for  predicting  opening -mode  fracture)  to  a more  complex  geometry  is 
currently  in  progress  under  t.-.e  eTHPL  failure  ' echanisa.s  rrcyra-  at  Che.-iica' 
Systems  jivision/l'nited  Technologies  on  scaled -Lo'.rr.  cylindrical  here  specimens 
under  thermal  cool-down  ar.d  pressurization.  -.  successful  outcome  from  this 
program  should  be  useful  ir.  setrir.g  up  standards  fer  future  investigations. 

Some  of  the  theories  surveyed  and  experimental  applications  z~  ties  - 
theories  to  solid  propellant  materials  are  surccarize-  ir.  ie  - 1 an-  I. 


c.  y inclusion;  crj  ieo  .‘.ti-t:; 

T're  fracture  energy  density  T.  regardea  to  ’ a relative  c r.starr  f ■>; 
Jell  thane  113,  vas  observed  to  e hig-.ly  caper  cent  cr  t.  * ••'ten  cha  t :c  r - 
Li  I to  3olid  propellant  materials.  Since  »at  s jry  illoi 

co  . e ties  dependent,  investigations  of  t.-.e  exact  . . ri  of  t is  ti-e  aerer.  .enc. 
fir  a variety  of  propellant  materials  ar.d  loading  ccr.  -ft ions  -.v  • . eful. 

Of  all  the  theories  reviewed,  Schapery's  cohesive- zone  model  seems  to  be 
the  most  sound  from  the  analytical  point  of  view  as  well  as  its  capability  in 
predicting  crack  growth  for  a wide  range  of  parameters.  Possible  extensions 
of  Schapery's  theory  include  ->^>: 

(i)  Fracture  analysis  for  a complex  geometry  giving  rise  to  a 
complex  stress  field, 

(ii)  Nonlinear  fracture  mechanics  adopting  the  J-integral 
as  the  failure  criterion, 

(iii)  Nonhomogeneous  media  fracture  analysis, 

(iv)  Bimaterial  fracture  mechanics. 
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TABLE  1.  SUMMARY  OF  VISCOELASTIC  FRACTURE  MECHANICS  THEORIES 


r 


TABLE.  2.  SUMMARY  OF  SOME  APPLICATIONS  OF  VISCOELASTIC 

FRACTURE  THEORIES  TO  SOLID  PROPELLANT  MATERIALS 


Although  some  experimental  data  exist  on  bimaterial  (adhesive)  fracture* 
it  has  not  quite  achieved  the  sophistication  of  cohesive  fracture  analysis 

Aging  of  the  solid  propellant  can  be  detrimental  for  propellants  with  long 
storage  time,  possibly  under  a hostile  environment.  Some  data  are  available 
from  an  AFRPL-sponsored  program  in  which  the  ten-year  mechanical  characteristics 
of  TP-H1011  and  ANB-3066  were  accurately  predicted  from  one-year  accelerated 
aging  tests  However,  aging  characteristics  may  vary  depending  on  the 

constituents  of  the  propellant,  and  thus  a general  conclusion  obtained  from  one 
type  of  propellant  may  not  necessarily  apply  to  others  ^9, 

There  is  evidence  indicating  that  the  assumptions  of  linear  thermorheologi- 
cally  simple  behavior  are  not  justified  for  some  propellants  ->l*'  This  will 

lead  to  a need  for  more  sophisticated  numerical  techniques.  The  finite  element 
method  enjoys  perhaps  the  most  popularity;  however,  with  the  more  sophisticated 
material  characterization,  it  can  become  very  costly.  Searching  for  an  alter- 
native method  ^1,  if  ft  proves  to  be  less  expensive  and  just  as  effective, 
would  be  a worthwhile  effort. 

Basically,  solid  propellant  material  is  a particulate  composite  material 
with  relatively  stiff  particles  embedded  more  or  less  uniformly  in  the  softer 
matrix  material.  Almost  universally,  the  energy  criterion  is  adopted  for 
fracture  analysis  in  the  case  of  macroscopic  flaws.  The  criterion  expressed 
in  equation  (1.1)  requires  calculation  of  the  strain  energy  release  rate  by  the 
use  of  continuum  mechanics,  and  the  independent  measurement  of  fracture  energy 
density  by  the  use  of  physics;  however,  independent  estimation  of  the  latter 
term  solely  from  physics  is  yet  to  be  accomplished  . On  the  other  hand,  a 
seemingly  unflawed  propellant  may  contain  microscopic  flaws  which  form  nuclei 
for  subsequent  macroscopic  flaws.  Wu  proposed  a characteristic  volume  concept 
for  composite  materials  and  application  of  a functional  failure  criterion  to 
such  a volume  containing  a microscopic  flaw  ^ . Such  an  approach  or  an  exten- 
sion of  such  would  be  desirable  in  establishing  a more  unified  failure  criterion 
for  solid  propellants. 
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Based  on  observations  made  by  Lindsey  and  Knauss  , the  actual  profile 
of  the  crack  tip  in  propellants  tends  to  be  blunt  rather  than  sharp.  This 
indicates  that  conventional  fracture  mechanics  based  on  stress  intensity  factor 
could  possibly  be  replaced  by  strain  failure  criteria  near  the  crack  tip.  This, 
of  course,  is  quite  speculative  , but  further  investigation  might  substantiate 
this  concept. 

In  view  of  the  above  discussions  and  survey  of  the  current  research  on 
failure  and  particularly  on  fracture  behavior  of  solid  propellant,  the  follow- 
ing recommendations  are  made: 

For  Immediate  Future  Implementation  or  Development: 

1.  Standardization  of  viscoelastic  fracture  mechanics  analysis  and  incor- 
poration in  the  JANNAF  Solid  Propellant  Structural  Integrity  Handbook. 

* In  fact  Bills'^  contends  that  such  rounded  crack  tips  occur  only  in  a labora- 
tory  test  specimen  and  never  in  actual  motors. 


r 


2.  In-depth  correlation  studies  of  all  available  experimental  data. 

3.  Correlation  studies  of  similtude  tests  on  nonlinear  behavior. 

4.  Experimental  verification  of  existing  theories  as  applied  to  complex 
stress  fields. 

5.  Nonlinear  characterization  of  solid  propellant  behavior  (debonding, 
aging,  rehealing,  etc.). 

6.  Nonlinear  fracture  mechanics. 

7.  Extension  of  existing  theories  to  bimaterial  (adhesive)  fracture 
analysis . 


8.  Experimental  verification  of  dynamic  fracture  theory. 

9.  Investigation  of  the  feasibility  of  simple  strain  failure  criteria 
at  the  crack  tip. 

10.  Reexamination  of  the  validity  of  the  use  of  fracture  failure  criteria 
obtained  from  lab  test  specimens  in  the  prediction  of  fracture  behavior  of 
actual  solid  propellant  motors. 

For  Future  Investigation: 

1.  Functional  failure  criteria  based  on  a critical  volume  concept. 

2.  Development  of  economical  numerical  analysis  techniques. 

3.  Independent  evaluation  of  the  time-dependent  fracture  energy  density. 

4.  Adoption  of  the  J-integral  as  a failure  criterion  in  anisotropic 
nonhomogeneous  material. 
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ABSTRACT 


The  solid  rocket  motor  nozzles  to  be  used  in  future 
generations  of  ballistic  missiles  will  be  subjected  to  ex- 
tremely harsh  corrosive  environments.  The  resulting  erosion, 
particularly  in  the  throat  regions,  will  produce  variations 
in  performance  quantities  such  as  Isp  and  thrust.  Although 
degradation  in  performance  is  certainly  not  desirable,  if  the 
amount  of  nozzle  erosion  could  be  predicted  reliably,  various 
measures  such  as  propellant  tailoring  and  grain  design  could 
be  taken  to  minimize  overall  losses  in  performance  and 
objectives. 

In  this  report  the  several  phenomena  that  are  involved 
(or  conceivably  could  be  involved)  in  nozzle  erosion  are 
discussed  and  comments  are  made  on  their  relative  importance. 

Certain  examples  from  the  pertinent  literature  are 
reviewed,  including  both  reports  and  documents  from  rocket 
industry  contractors  and  journal  articles  appearing  in  the 
open  literature. 

The  predictive  theories  of  nozzle  erosion  presented  in 
the  literature  are  discussed  and  assessments  are  made  of  their 
merits  and  deficiencies. 
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INTRODUCTION 


The  demands  for  ever-improved  capabilities  for  new  generations  of 
ballistic  missiles  impose  severely  corrosive  environments  for  solid 
rocket  motor  nozzles.  Apart  from  circumstances  which  lead  to  actual 
failure  of  the  nozzle  as  a whole,  erosion  at  the  throat  can  affect 
the  performance  of  a rocket  motor.  While  this  in  itself  is  not  desirable, 
if  the  erosion  were  reproducible  and  predictable  within  acceptable 
limits*,  various  measures  such  as  propellant  tailoring  and  grain  design 
could  be  taken  to  minimize  overall  losses  in  performance  and  objectives. 

The  expense  and  time  required  for  forming  advanced  carbon/carbon 
materials,  constructing  sophisticated  nozzle  designs,  and  conducting 
full  scale  hot  firing  tests  (as  were  performed  in  the  USAF  Missile-X 
First  Stage  ADP  1>2)  make  it  extremely  desirable  that  reliable  predictive 
theories  of  erosion  be  developed.  A "theory"  on  theoretical  treatment 
which  could  utilize  information  obtained  from  relatively  cheap  and 
simple  experiments  would  be  a significant  improvement  over  the  present 
si tuation. 

The  large  number  of  variables  associated  with  the  extremely 
complex  phenomenon  known  as  rocket  nozzle  erosion  and  the  lack  of 
adequate  knowledge  as  to  their  relative  importance  has  hindered 
the  development  of  a rigorous  mathematical  theory  capable  of  performing 
such  prediction.  These  circumstances  thus  dictate  that  there  must,  of 
necessity,  be  a certain  amount  of  empiricism  involved  in  any  erosion 
mechanism  theories. 

The  objectives  of  this  work  were  to  assess  deficiencies  in  current 
erosion  prediction  theories  and  to  recommend  means  of  resolving  and/or 
eliminating  these  deficiencies.  It  is  the  purpose  of  this  report  to 
first,  categorize  the  various  aspects  of  nozzle  erosion  and  to  rate  them 
as  to  their  significance;  second,  to  present  a review  of  representati ve 
literature  pertinent  to  the  problem;  third,  to  consider  and  summarize 
prediction  theories  existing  in  both  the  open  literature  and  in  various 
contractor  documents;  and,  finally,  to  make  an  assessment  of  the 
deficiencies  of  these  theories. 


*0ne  can  argue  that  if,  for  testing  under  presumably  identical  circum- 
stances, the  erosion  were  not  sufficiently  "reproducible",  then  there 
would  be  no  hope  in  making  it  "predictable";  on  the  other  hand , one 
could  equally  as  well  reason  that,  if  the  various  phenomena  were  well 
enough  understood,  the  erosion  results  would  be  as  expected,  and  there 
would  be  no  question  as  to  reproducibility.  This  presumes  sufficient 
"quality  control"  in  both  the  nozzle  manufacture  and  in  the  testing 
methods. 
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THE  VARIOUS  ASPECTS  OF  EROSION 


Erosion  in  solid  rocket  motors  is  a far  more  serious  problem  to 
nozzle  designers  than  erosion  in  liquid  rocket  engines.  Solid 
propellant  motors  are  subjected  to  more  corrosive  chemical  environ- 
ments and  usually  operate  at  higher  pressures  and  temperatures.  Solid 
propellants  are  typically  loaded  with  15  to  30?!  (by  weight)  of  finely 
ground  aluminum.  This  results  in  the  appearance  of  molten  droplets  of 
unburned  aluminum  and  of  aluminum  oxide,  AI2O3,  both  of  which  contribute 
to  the  erosion  of  material  from  the  walls  of  the  nozzle. 

In  common  usage,  the  term  erosion  is  usually  taken  to  mean  the 
wearing  away  of  a surface  by  the  physical  process  of  particle  impact, 
or  scouring,  as  in  sandblasting  or  the  geological  process  of  forming 
the  Grand  Canyon,  but  in  rocketry  the  term  has  come  to  mean  the  process 
of  mass  removal  from  a surface  by  any  me^ns  whatsoever,  be  it  purely 
mechanical  (particle  impact,  spalling),  thermophysi cal  (sublimation, 
me! ting) , or  chemi cal  (surface  reactions  with  diffusion  of  reactants 
towards  and  products  away  from  the  surface),  or  any  combination  of  the 
above.  Furthermore,  several  nozzle  materials  (phenolics  most  notably) 
undergo  thermal  expansion,  delamination  and  interlayer  decomposition 
resulting  in  swelling  of  thematerial  and  an  apparent  negative  surface 
recession  (although  mass  has  been  removed  from  the  surface).  These 
various  aspects  of  erosion  are  outlined  in  Figure  1. 


Figure  1. 


The  Various  Aspects  of  Nozzle  Surface  Recession 
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Several  general  observations  were  made  before  examining  the  literature 
in  detail  concerning  the  relative  importance  of  these  various  facets  of 
erosion: 

1)  There  seems  to  be  little  doubt  that  chemical  erosion  (for  which 
the  term  corrosion  seems  apt)  always  plays  a role  in  the  surface  recession 
of  rocket  nozzle  materials. 

2)  According  to  conventional  wisdom,  the  purely  mechanical  effect 
of  wearing  away  of  surface  material  (as  in  sand  blasting)  appears  to  be 
of  only  slight  importance.  This  may  or  may  not  be  the  case.  Zeamer's 
comment,  "...the  kinetic  energy  of  particles  is  relatively  small  compared 
to  the  thermal  energy..."3  seems  to  be  the  referenced  justification1"  for 
deeming  that  direct  mechanical  erosion  is  unimportant.  In  passing,  one 
wonders  if  this  is  a case  where,  if  a statement  is  repeated  often  enough, 
with  enough  conviction,  it  eventually  becomes  accepted  as  the  gospel  truth. 

3)  The  impact  of  liquid  metal  or  metallic  oxide  droplets  on  carbon 
surfaces  transfers  heat  to  the  surfaces  which  can  cause  melting  in  the  case 
of  carbon  phenol ics  and  could  tend  to  promote  sublimation  of  graphites  and, 
in  any  case,  act  as  a secondary  contributor  to  chemical  corrosion.  The 
likelihood  of  direct  impact  on  nozzle  surfaces  depends  upon  the  geometry 

of  the  nozzle  under  consideration.  For  the  entrance  regions  of  submerged 
nozzles,  especially  those  portions  exposed  to  slots  in  the  propellant 
grain,  the  likelihood  is  quite  high,  whereas  in  throat  regions,  the 
likelihood  is  much  smaller.  The  diverging  exit  sections,  where  the  surface 
is  contoured  for  higher  motor  thrust,  are  especially  vulnerable  to  particle 
impact. 

4)  The  thermophysical  effects  of  melting  and  sublimation  have  not 
been  considered  as  significant  erosion  mechanisms.  It  seems  ironic  that 
the  temperature  range  where  these  can  start  to  become  significant  (3000  to 
3300°K)  is  attained  at  least  in  some  cases  at  the  surface  of  the  throat 
and  entrance  regions. 

Each  of  the  above  aspects  of  erosion  is  discussed  in  more  detail  in 
the  literature  review  which  follows. 


LITERATURE  REVIEW 


This  consisted  of  a detailed  examination  and  perusal  of  literature 
on  solid  rocket  motor  nozzle  materials,  design,  fabrication,  testing,  and 
performance  prediction.  This  literature  fell  into  two  general  categories: 
engineering  analyses  and  testing  reports  resulting  from  government  and 
industry  programs,  and  journal  articles  appearing  in  the  open  literature. 

The  engineering  reports  and  documents  contained  much  detailed  inf- 
ormation regarding  all  aspects  of  the  hardware  development  problem,  including 
manufacturing  techniques  for  carbon/carbon  billets,  submerged  nozzle  con- 
struction and  assembly  details,  testing  methods,  erosion  calculation  proced- 
ures, etc.  Review  of  this  material  tended  to  impart  a feel  for  the  mag- 
nitude and  scope  of  the  manufacturing  and  testing  problems  as  seen  at  the 
working  level. 

The  journal  articles  were  more  tightly  written  and  restricted  in 
scope,  and  were  primarily  concerned  with  predictive  theories  of  erosion. 

This  material  presented  physical  models  of  the  erosion  process(es)  which, 
with  good  physical  insight,  outlined  simplified  techniques  which  predicted 
general  performance  trends. 

Appearing  below  are  brief  comments  on  the  more  important  documents 
and  articles,  together  with  encapsulated  summaries  of  pertiment  observations. 

( 1 ) Post  Test  Analysis  of  the  P-1  Firing  (ref  a) 

This  report  documents  posttest  analysis  results  of  the  P-1  nozzle 
firing  and  contains  results  of  a detailed  chamber  flow  analysis  concerning 
particle  impingement  on  the  P-1  nozzle  in  a vectored  position.  Certain 
"cold  flow"  data  were  obtained  from  experimental  observed  flowfields  with 
similiar  geometries. 

The  observation  to  be  made  concerning  the  flow  (fig.  2)  is  that  the 
flow  is  highly  complex  and  that  "...modeling  of  the  flowfield  in  the  vicin- 
ity of  the  P-1  nozzle  entrance  is  difficult  because  of  the  3-dimensionality 
and  highly  viscous  nature  of  the  flow."4  Three  aspects  of  the  flowfield 
that  cannot  be  treated  with  available  chamber  flow  computer  codes  are: 

(a)  the  region  of  separated  flow  (usually  recirculating)  existing 
between  the  grain  and  submerged  nozzle; 

(b)  the  swirl  flow  around  the  outside  of  the  nozzle  when  in  a 
vectored  position,  and 

(c)  the  non-uniform  velocity  field  of  the  flow  approaching  the  nozzle. 
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Figure  2.  Vortex  flow  in  a submerged  region. 


(2)  Post  Test  Analysis  of  the  P-2  Firing  (ref  2) 

This  report  discussed  predictions  and  results  from  the  P-2  nozzle 
test.  Shown  below  in  figure  3 is  a flow  chart  for  a thermochemical  heating 
and  erosion  analysis  of  rocket  nozzle  components.  The  complexity  of  the 
analysis,  the  types  of  computer  codes,  and  the  information  flow  between 
the  codes  are  typical  of  the  calculations  procedures  used  by  the  rocket 
industry. 
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In  spite  of  the  sophistication  and  complexity  of  these  programs,  liberal 
"correction  factors"  or  multipliers  must  be  applied  to  make  the  pre- 
dictions agree  with  test  data.  For  instance,  in  the  P-2  test  report 
"for  the  ITE  (integral  throat  entrance)  region,  this  correlation  0 
involves  a simple  multiplier  to  the  non-dimensional  char  rates  (Bc) 
that  are  outpyt  from  program  GASKET  (graphite  kinetic  ablation)." 

The  quantity  Bc  (or  sometimes  B‘  or  B 1 ) is  defined  by 


Sc 


sm  ^ r- 

fe  m 


where 


'rn **-'  is  the  mass  removal  flux,  J&  and  ^ are  the  density  and  velocity 
at  the  boundary  layer  edge,  and  Cm  is  the  Stanton  number  for  mass  transfer. 
"A  fixed  heat  transfer  coefficient  multiplier  of  0.75  times  the  result 
of  the  boundary  layer  program  is  used  with  the  additional  multiplier 
times  the  Bc  values.  Figure  4-  shows  this  multiplier  plotted  as  a function 
of  area  ratio  as  correlated  from  the  Navy  LVM-1  contract  and  the  current 
C/CAN  contract  (F0461 1-76-0081 ) . Above  the  line  used  for  the  data  from 
these  contracts  is  a dashed  line  which  is  the  correlation  of  the  P-2 
ablation  data.  The  reason  for  this  shift  is  not  understood.  In  fact, 
the  reason  for  an  axial  variation  of  "ablation  kinetics"  is  not  com- 
pletely understood.  It  is  more  than  likely  a function  of  surface 
roughness,  angle  of  the  surface  "sites"  that  can  react  with  the  gas, 
and  other  factors.  Until  a more  sophisticated  model  is  developed,  CSD 
will  use  this  semi-empirical  method  of  correlation  and  prediction.  In 
general,  it  has  worked  well,  and  as  more  data  are  obtained,  the  accuracy 
of  this  method  will  improve." 
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FIGURE  4 ANALYSIS  FL-'W  CHAR  RATE  MULTIPLIER  AS  A FUNCTION 
OF  AREA  RATIO  FOR  ?-  ITF. 


32-9 


. v (4J.  Hercules  Report  TR-70-98-Sep  70.  This  contains  detail  on  an 
interesting  flow  field  analysis  which  is  applicable  to  solid  rocket 
motors  in  the  region  from  the  head  end  of  the  grain  port  to  the  nozzle 
throat.  The  treatment  was  for  ax i- symmetric  (or  2-D),  subsonic  (but 
compressible),  lsentropic,  irrotational , frozen  flow.  The  governing 
equations  were  cast  into  finite  difference  form  and  1178  modes  were 
used  The  flow  was  assumed  to  be  '‘steady",  but  quasi-steady  would  be 
more  descriptive  because  part  of  the  boundary  is  the  receding  surface 
of  the  burning  propellant.  This  difficulty  was  coped  with  by  apolying 
burn  rate  data  for  the  propellant  used  to  determine  the  burning  pro-  " 
pellant  surface  at  various  portions  of  the  total  burn  tine  and  repeating 
the  analysis  for  each  partial  burn  time.  Shown  below  are  streamlines 
the  numbers  are  proportional  to  the  amount  of  flow  between  the  center- 
line  and  the  line  in  question)  for  a Minuteman  motor  at  2 seconds. 
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Fig.  5.  Streamlines  for  Axi -symmetric  "steady"  Inviscid  Frozen  Flow- 


Note  that  the  boundary  of  the  eddy  flow  region  (flow  separation 
region)  was  taken  to  be  a straight  line  drawn  from  the  point  of  separation, 
as  calculated  from  a boundary  layer  analysis,  to  the  stagnation  point  on 
the  submerged  nozzle. 


(5)  Aerotherm  Report  75-143  - Oct  75.  AFRPl  Graphite  Performance 
Prediction  Program.  Vol.  I.  Recomnendations  for  a Standardized  (Industry- 
wide) Analytic  Procedure  for  MX  Nozzle  Throat  Recession  Calculations . 
Aerotherm  performed  a sensitivity  study  to  determine  the  most  critical 
variables  used  in  predicting  material  response.  "For  the  throat  the 
netergenous  surface  kineticd  constants  and  the  heat  transfer  coefficient 
were  the  most  important. " 
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Fig  6.  Baseline  method  - combination  of  ID  or  2D  potential  flow  solution  in 
subsonic  region  and  M.O.C.  (2D)  in  supersonic  region.  Can  handle 
chemical  reactions.  Chemical  equilibriums. 


(6)  ARC  (Atlantic  Research)  Report  - Aug  78.  CNO  (carbon 
nozzle  opportunities).  Much  detail  on  nozzle  materials  and  fabrications 
and  discussions  of  nozzle  tests  and  failures.  P.  95  "These  results  show 
that  propellant  with  the  lower  aluminum  content  is  more  corrosive  than  the 
higher  aluminum  content  propellant".  (At  least  for  short  burn  times).  This 
tends  to  support  the  idea  that  chemical  erosion  dominates  (the  aluninum  tends 
to  consume  the  oxygen).  "The  time  factor  effect  is  probably  two-fold.  First, 
the  stagnation  point  recession  at  the  cowl  overwarp/ inlet  interface  becomes 
very  severe  at  long  burn  times  and  the  resulting  turbulence  becomes  quite 
dominant.  Second,  is  the  effective,  or  time-averaged  area-ratio  reduction 
in  the  axial  curvature  of  the  I.T.E.,  since  the  convective  heat  transfer 
rate  increases  as  the  local  area  ratio  decreases.  In  addition,  the  heat 
transfer  rate  is  enhanced  by  surface  roughness,  which  also  tends  to  become 
more  severe  with  time."  ...Much  detail  on  visual  observations  of  nozzles 
after  motor  firings. 
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(7)  Thernophysi cal  properties  o" 

7 apo  3.  figure  7 shows  a proposed  pha  - 
Whittaker*.  illustrating  results  of  re ce 
the  ev  is  ter.ee  rf  a number-  of  polyrcoronic 
ax  on  xemc-- natures.  '^gure  taxer 
Eng'  ^9 r in-7  -and book**  r. ' o-  s tne  -aprr  • 
ter"  •.-'uX..-'  -r.ga  o-  ■ < asx  os  roc!  e 
champ*’.-  12  ce  a su'-e  for  a ballistic  mix. 
interest***  is  v60°K.  . 


• .(- r - xe  are  shown  m figures 
■ a :■  ram  for  graphite  due  sc 
. isearch  which  rzs  shown 
oyne"  forms  cf  graphic 
. -e  Inaust’"!-'!  G.-npnite 

: ,'Q  Of  "IChiti  I'-P  ' th 

? tiers  i. -.he  thecr^ticn  i 
ore-pel*. ant  • ’ c^-  -ent 


When  carbon  changes  from  the  solid  to  vapor  phase  (sublimation), 
at  least  five  species  of  carbon  vapor  car  racist:  C,  C~,  C, ..  jnu  C?. 
Sublimation  does  not  seem  to  r'.'-ve  been  considered  ■■n  cCrrer  t o:fdi*  -■  a 
models,  which  may  be  a critical  oir*  so  on  cmsice-r'f.:  tne  era.  her  oe- • i-t  c-.tures 
of  current  propellants.  Below  surface  tencarati,  i of  -50C  -.  sit 
effects  can  be  dismissed  fetal;},  wnrrr  as  at  surtac.  xcenpe- stores  »oo  •. 
35GC°K.  there  is  little  dc  :cx  chat  suu1  ine  fon  os  : • over  vhe  :ning  ■ no;.  ~tan>-e. 

7 -■ 


■'  •///> 


Reg  on  oi 
caroyno 


i 

i L.auid  { 

r L// 
!?/ 


- ■ if1-  r. 


Fiacre  7.  cropped  phase 
diagram  for  Grapnisc. 


- c p*-  - s re  o Braun' 


* ~k.  Whittir.'er,  ''Carbon:  A 'lew  Vievi  •:f  - .3  - i -rerat-ire  behavior  , 

Science,  7c!.  ZOO,  19  iMa/  19*3. 

**  "The  Industrial  Graphite  Engineer-;  and'-’  Carbon  • roojcxs 

Division  of  Jnion  Carr  >'6  '■>  corat*  or , Ifc  • 

***  vC-1  Solids,  21*  A1  um . - -oxyteiTV’nate. -•  o 'outad'ene  r’roer 


larbcn  ;'rodJCts 


■2-12 


(8)  Seni -quantitative  Prediction  of  Graphite  Nozzle  I lsert 
Erosicn  - L.  J.  Delaney,  et  ai . , AI.V  Journal,  ^5  64.  This  paper  exhibits 
gooo  physical  insight.  Considers  ere " ral  firecics  ana  diffusive  mass 
transport.  "The  limiting  factor  in  :etsTrnipq  the  cermissib’o  amoupf  of 
throat  erosion  is  unlikely  to  be  degradation  of  Iso,  :,,c,  thrust  or  mass 
ratio.  More  probably,  the  limit  or  erosion  w'’1  be  cictated  by  the 
practical  probier, 1 of  fabricatina  inserts  which  wi1 1 cmviae  acceptable 
reproducible  erosivities. " Delarey  ccnciuced  frat  only  three  r-uri*3ce" 
reactions  need  be  considered: 

C(£)  + CD.  (3}  ZCO(g)  , (1) 


C(s)  + h„C  (g) 


C0(g)  + Hz(g> 


. [Z)  water-gas  wpectitr 


C v s j ~ v 9 ) 

Reactions  (1), 
thus  N.  = 2 M. 

J 


C2H2  (gl  , (3) 

(2)  involve  2 roles  pf  gas  produced  for 


react  hw, 


For  diffusion  of  i towards  and  2 away  from  surface,  the  molal  flux  at 
distance  z through  the  b.'l.  is: 


4-  l c fa. 


j i 


),  if). 


Integrating  (5)  subject 

Jj'H-  Xr(l  1 


to  b.c.  yields  a transcendental  equation 


* ‘«X 


IX  ■■ 


L if 


zZ  V 
<t  K y 


> ;e). 


(5)  was  used  in  erosion  calculations  it  each  time  ir.cremen*  for  i = CL., 
and  i = 4?0. 


The  contribution  of  reaction  \l)  to(  tne  e*-osirr  mechanism  will  show  little 
effect  below  25C0cK,  and  above  2bG0  ..  one  may  assume  equilibrium  at  rhe 
surface  fer  all  three  carton  reactions. 


, (7)  anc 
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where  0 verba rs  on  the  X.  denote  freestrean  values,  otnenvise  surface 
values. 


The  total  rate  of  carbon  less 


(9). 
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Fig.  9.  Calculated  erosion  rates 
and  chamber  pressures  for 
NASA  test  with  Arcite  368. 


Fig  10.  Calculated  erosion  rates  as- 
suming infinite  reaction 
rate  at  surface. 


Figure  9 shows  the  initial  rapid  increase  in  the  predicted  erosion 
rate  which  is  soon  arrested  by  the  drop  in  chamber  pressure,  even  though 
the  surface  temperature  continues  to  rise.  The  authors  point  to  this  as 
showing  the  considerable  importance  of  pressure  in  the  erosion  phenomenon, 
although  they  do  not  make  clear  just  how  the  pressure  enters  into  the  the- 
oretical predictions. 

Figure  10  shows  that  calculations  based  on  chemical  equilibrium  at 
the  surface  give  a very  high  peak  in  the  instantaneous  erosion  rate  which 
results  in  an  average  erosion  rate  which  is  much  higher  than  the  measured 
value.  This  serves  to  indicate  that  there  is  indeed  a kinetic  limitation 
on  graphite  erosion. 


(9)  Mechanical  Contributions  to  Graphite  Erosion  (ref  11) 

In  this  report  Gowariker  presents  a semi -empirical  analysis  of  mech- 
anical and  chemical  contributions  to  the  erosion  rates  of  graphite  throats 
in  solid  rocket  motor  nozzles.  The  author  assumes  that  the  total  erosion 
rate  can  be  expressed  as  r = + bm,  where  the  chemical  contribution  b2 

depends  on  the  composition  of  combustion  gases,  the  flame  temperature, 
the  Reynolds  and  Schmidt  numbers  of  the  flow,  the  density  of  the  graphite 
throat,  and  the  geometry  of  the  nozzle;  the  mechanical  contribution 
is  a function  of  the  characteristic  velocity  of  the  gases  and  the  porosity 
of  the  throat. 

The  treatment  of  the  chemical  contributions  is  virtually  the  same  as 
that  of  Delaney1?  with  the  exceptions  that  Gowariker  uses  a slightly  more 
sophisticated  expression  for  the  mass  transfer  coefficient  and  (although 
he  lists  the  same  set  of  reactions  as  did  Delaney)  he  considers  the  cont- 
ribution of  the  acetylene  reaction  to  be  negligible.  He  thus  arrives  at 
the  expression 


(Ho  ■ 
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where  a is  the  density  of  the  graphite. 

The  mechanical  contribution  is  alleged  to  be  a function  of  the 
porosity  of  the  surface  material  at  the  throat.  It  is  claimed  (without 
any  explanation  or  justification)  that  there  is  a linear  relationship 
between  bm  and  the  grouping  x.,/o c* , where  tw  is  the  wall  shear  stress, 
p is  the  average  density  of  tfie  gases,  and  c*  is  their  characteristic 
velocity.  The  wall  shear  stress  is  expressed  in  terms  of  the  friction 
factor,  f,  and  hence  the  expression  rm  = aye*/,  where  a\  is  a constant 
of  proportional ity . The  percentage  porosity  ? of  the  graphite  surface 
is  taken  as  a measure  of  structural  resistance  to  flow  as  follows: 

/ = a2-  Cl  ogP) 2 

where  a2  is  another  constant.  Substituting  this  expression  for  the 
friction  factor  we  obtain 

rm  = 23  a*  (log?/1 

where  a3  is  a final  constant  to  be  determined  using  experimental  erosion 
rate  data.  The  above  expression  is  presented  entirely  without  physical 
justification,  although  an  allusion  is  made  to  an  old  NACA  Technical 
Memo  of  von  Karman's. 

The  final  expression  for  a given  propellant  and  chambe-’  operating 
conditions,  by  combining  the  corrosion  expression  with  the  mechanical 
erosion  expression  above  is 

2 

r = A/a  + 3(1ogp) 

where  A and  3 depend  on  gas  composition,  temperature,  pressure,  velocity, 
etc.,  but  are  independent  of  a and  P.  The  percentage  porosity,  ?,  is  defined 
as 

volume  of  open  pores 

p = x 100 

volume  of  external  pores 

The  author,  in  a rather  ingenious  and  involved  r.ethod,  measured  ? for  19 
different  grades  of  graphite  materials  and  found  ; to  range  from  3.5%  to 
13.8",  while  a ranged  from  106.1  to  116.7  1 b/ f t - (the  density  bore  no 
simple  relation  to  the  porosity).  The  expression  for  r appeared  to 
correlate  reasonably  well  with  experimental  data  for  propellant  "A", 
although  there  was  considerable  scatter,  nowhere  in  the  paper  is  the 
composition  of  propellant  "A"  identified,  although  it  is  mentioned  that 
ultimately  four  physical  propellants  were  tested:  one  with  low  flame 
temperature,  two  with  high  flame  temperatures  (aluminized  and  non-alumini zed) 
and  the  last  oxygen-balanced.  Burn  times  ranged  from  13  to  30  seconds. 

There  is  much  to  criticize  in  the  paper,  particularly  with  the  lack 
of  physical  justification  for  the  key  steps  in  the  development  of  the 
expression  for  r , but  the  correlation  of  experimental  data  with  the  der- 
ived result  suggests  that  perhaps  surface  porosity  may  indeed  be  a signif- 
icant parameter  (apart  from  graphite  density)  although  why  it  should  appear 
functionaly  as  the  square  of  the  log  is  not  at  all  clear. 
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(10)  Correlation  of  Graphite  Nozzle  Throat  Erosion  (ref  12) 

In  this  report  Mayberry,  et  al.,  presented  an  impressive  correlation 
of  erosion  data  obtained  from  43  solid  rocket  motor  firings.  The  correl- 
ation included  nozzle  and  propellant  properties  as  well  as  chemical  react- 
ions at  the  surface.  The  principal  chemical  reactions  considered  were: 
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The  acetylene  reaction  has  been  notably  omitted. 

Using  the  above  set  of  reactions  and  thermochemical  analysis  computer 
programs  to  calculate  gas  composition  and  thermal  properties  the  following 
correlation  was  obtained: 
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Figure  11.  Nozzle  throat  erosion  Correlation. 
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The  nomenclature  used  in  this  correlation  is  as  follows: 

ER  = burn-time  average  radial  erosion  rate 

V = average  velocity  of  gas-particle  flow  at  the  nozzle  throat 
= initial  throat  diameter 
t = burn  time 

x = subsonic  entry  length  (distance  from  stagnation  point  to  throat) 
£ = total  alumina  cloud  emissivity 
jcp,  A.  - viscosity,  specific  heat,  thermal  conductivity 
T = temp,  of  gas  at  nozzle  throat 
/3  = blowing  parameter,  dimensionless 
/ ^ = gas  density 

f'-ifp  = density  of  gas-particle  mixture 
fnn  = graphite  throat  material  density 

co,  ,vi  = mean  binary  diffusion  coefficient  of  carbon  monoxide 
X = mole  fraction 

MWgp  = molecular  weight  of  gas  particle  mixture 

MW = molecular  weight  of  metal  oxide  (A10CL) 

meo  3 23 

Sh  = Sherwood  number  (ER*  Dt/  ) 

Re,  Pr  = Reynolds  and  Prandtl  numbers 
Sc  = Schmidt  number  ( ^ca,  ,»»,x  ) 

Fo  = Fourier  number  for  mass,  ( tr  ) 


The  blowing  parameter /8  is  defined  as 

= '^carbon 

"MW  (1  - X MU 


^XH?0  + XC0, 

L C 


+ 2Xq2  + XQ  + XQH 


It  is  not  clear  why  this  is  called  the  blowing  parameter  nor  why  this 
grouping  should  affect  erosion,  although  the  authors  allege  that  a larger  /3 
results  in  a greater  erosion  rate.  The  correlation  obtained,  however, 
shows  that  <3  appears  raised  only  to  the  0.11  power. 

The  correlation  is  impressive  in  that  it  incorporated  data  from  43  motor 
firings  with  an  erosion  rate  range  of  18-fold  (.425  to  7.9  mil/sec),  a throat 
diameter  range  of  8- fold  (.056  - .46  feet),  a burn-time  range  of  26-fold 
(2.8  - 73  sec.),  an  operating  pressure  reange  of  3.5-fold  (280-900  psig),  and 
a graphite-density  range  of  1.3  fold  (107.9  - 139.8  lby^.3). 

The  authors  point  out  that  the  impingement,  deposition,  and  subsequent 
melt-off  of  high  melting  oxides  and  propellant  agglomerates  have  not  been 
considered. 
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(11)  BATES  Motor  Erosion  Data  Correlations  - R.L.  Geisler  presen- 
tation at  JANNAF  Nozzle  Sub- Committee  Meeting,  Jul  78. 

This  is  perhaps  the  most  recent  correlation  of  erosion  data.  Since 
1963,  there  have  been  1600  firings  at  AFRPL's  BATES  motor  facility. 

Geisler  presented  data  for  six  different  propellant  formulations 
with  three  tests  per  formulation  in  a 75  lb  charge,  2 inch  throat  motor 
(A)  and  six  tests  per  formulation  in  a 15  lb  charge,  1 inch  throat 
motor  (B).  All  54  tests  were  conducted  at  a design  chamber  pressure  of 
68  atm  (1000  psia)  and  an  initial  nozzle  area  ratio  of  9.5.  All  formu- 
lations were  90%  solids  loaded  (i.e.,  10%  HTPB  binder  by  weight),  but 
they  varied  in  aluminum  content  from  formulation  1 (15%  A1  by  weight) 
to  formulation  6 (30%  Al).  In  every  case  the  throat  inserts  were  of 
HLM  85  graphite  having  a bulk  specific  gravity  of  approximately  1.83. 

The  principal  drawback  for  the  correlations  is  the  limited  burn 
time,  the  maximum  being  less  than  4 seconds.  Erosion  rates  were 
obtained  by  dividing  the  difference  of  total  erosion  from  motor  A 
(75  lbm)  and  motor  B (15  lb  ) by  their  difference  in  total  burn  tines. 
Figure1’  12  implies  that  there  is  an  initial  period  with  no  erosion, 
of  the  order  of  1.3  seconds.  That  there  is  an  initial  "dead"  period 
is  not  doubted,  since  it  takes  time  for  the  nozzle  throat  surface  to 
reach  a significant  temperature,  but  that  it  can  be  measured  by  a 
straight  line  through  two  points  extrapolated  to  zero  erosion  is  open 
to  question.  Figure  13  gives  an  indication  of  the  variation  of 
throat  surface  temperature  with  time  into  the  burn.  Figure  12  , showing 
erosion  rates  for  all  six  formulations,  indicates  that  the  greater  the 

% Al , the  lower  the  erosion  rate.  Figure 1 4 shows  the  variation  of  the 

mole  percentage  in  the  free  stream  at  the  throat  for  the  species  H0,  OH, 
H„0,  and  C0„  (the  numbers  being  obtained  from  a thermochemical  equilibrium 
program)  versus  erosion  rate.  The  implication  is  that  H20  and  OH  are  the 
principal  contributors  to  the  chemical  erosion.  Figure  H5  gives  the 
equilibrium  thermochemical  mole  percentage  of  OH  for  each  formulation, 
plotted  versus  erosion  rate. 

The  implication  of  all  this  is  that  the  presence  of  increasing 
amounts  of  aluminum,  although  increasing  the  chamber  temperature  somewhat, 
tends  to  consume  more  of  the  available  oxygen  from  the  propellant,  thus 
leaving  less  available  for  the  formation  of  H^O  and  OH  radical. 

Geisler  concludes  that  chemical  attack  (H-0  and  OH)  is  the  only 
significant  mechanism  for  throat  erosion  (the  recession  rate  is  inversely 
proportional  to  H^  concentration  in  the  throat  free  stream),  and  that 
carbon/carbon  and^bulk  graphite  appear  to  have  equivalent  recession  rates 
at  equivalent  densities.  His  contention  that  the  BATES  motor  is  a good 
(relatively)  low  cost  screening  tool  must  be  modified  by  the  limitation 
in  total  burn  times. 
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EROSION  PREDICTIONS 


With  the  exception  of  the  purely  correlative  treatments,  all  of  the 
papers  and  reports  reviewed  in  the  previous  section  have  several  features 
in  common  - equilibrium  thermochemical  programs  which  calculate  compositions, 
temperatures,  pressures,  transport  properties,  etc.  and  heat  transfer 
programs.  The  latter  are  necessary  not  only  for  determination  of  surface 
temperatures  which  would  obviously  enter  in  melting  calculations  (and 
sublimation,  if  it  were  considered),  but  also  for  heat  transfer  coefficients 
(Mussel t and  Stanton  numbers).  Chemical  corrosion  calculations  require 
not  only  a selection  of  pertinent  chemical  reactions  along  with  the 
appropriate  rate  constant  data,  but  also  mass  transfer  coefficients  which, 
together  with  diffusion  coefficients,  enter  in  the  calculations  which 
account  for  the  diffusion  transport  of  reactants  _to  and  products  from 
the  chemically  reacting  surface.  By  the  analogy  between  mass  and  heat 

transfer,  the  following  is  obtained:  , ✓ 

/P  y \ o 

ue  - f*  Ue  CH  ( aXyc  ) ( : ), 

where  Cm  and  Cy  are  Stanton  numbers  for  mass  and  heat  transfer,  Pn  and  >Tc 
are  the'PrandtT  and  Schmidt  numbers.  Having  obtained  C , along  with  the 
Reynolds  and  Schmidt  numbers,  the  Sherwood  number  (Nuss^lt  number  for  mass 
transfer)  can  be  calculated*.  From  this,  the  throat  diameter  and  the 
binary  diffusion  coefficient  for  a given  species,  t,  one  can  calculate 
the  mass  transfer  coefficient  for  that  species,  /3-  . 

It  will.be  recalled  from  the  previous  section  that  the  contractor 
documents  also  had  various  types  of  flow  field  analyses.  While  these 
are  interesting  in  themselves  and  are  of  direct  importance  in  particle 
impingement  studies,  they  are  of  auxiliary  importance  (especially  the 
inviscid  core  flow)  to  the  heat  transfer  analysis  necessary  for  throat 
erosion  predictions.  The  "cold  flow"  studies  mentioned  in  item  (2) 
of  the  literature  review  were  useful  in  helping  to  gain  a "feel"  for 
the  nature  of  the  eddying  separated  flow  between  the  grain  and  the 
submerged  nozzle  and  the  swirl  flow  around  the  outside  of  a vectored 
nozzle. 


DIFFUSION-CONTROLLED  VS.  KINETICS-CONTROLLED 

13 

The  following  equation,  due  to  Frank-Kamenetski i , illustrates 
the  meaning  of  the  above  term: 

__  * = . <->■ 
where  = molar  flux,  CLe  = reactant  concentration  at  the  boundary  layer 

edge,  f2>;  = mass  transfer  coefficient  (for  diffusion),  and  = kinetic 

rate  coeff.  ("rate  constant"),  all  for  species  . When  *>  /3).  , the 

process  is  said  to  be  "diffusion  controlled".  Equation  ( _ ) is  derived 

assuming  the  reaction  to  be  first  order: 

=/S.(C,q  - C<  ) , (Supplied  by  diffusion)  - & c t 

consumed  by  reacti on ) . 
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Solving  for  the  surface  concentration,  Ci  , 

from  which  equation  ( *—  ) results.  It  can  be  seen  that  at  low  temperatures, 
the  rate  constants  will  be  low  and  hence  the  erosion  process  is  kinetics- 
control  led. 

ASSESSMENT  OF  DEFICIENCIES 

In  assessing  the  deficiencies  in  journal  articles  dealing  with  erosion 
prediction,  it  is  fairly  easy  to  pick  out  flaws:  this  step  in  the  argument 
is  presented  without  physical  justification,  that  assumption  appears  to  be 
unreasonable,  the  theory  is  supported  by  meager  experimental  results,  etc. 

The  journal  paper  is,  so  to  speak,  "standing  alone  and  exposed". 

It  is  a delicate  and  difficult  task,  however,  to  assess  deficiencies 
in  the  extensive  and  elaborate  network  of  computer  programs  which  comprise 
the  erosion  predictions  of  rocket  industry  contractors.  On  reading  the 
documentation,  it  is  obvious  that  a great  deal  of  time  and  skillful  effort 
has  been  expended  by  teams  of  qualified  professionals.  Nevertheless,  that 
the  predictions  leave  much  to  be  desired  is  evident  by  recalling,  for 
example,  statements  from  item  (3)  of  the  Literature  Review  section  (CSD's  report 
on  the  P-2  test):  "...  a fixed  heat  reansfer  coefficient  multiplier  of  0.75 
times  the  result  of  the  boundary  layer  program  is  used...";  again"..  Above 
the  line  used  for  the  data  from  these  contracts  is  a dashed  line  which  is 
the  correlation  of  the  P-2  ablation  data.  The  reason  for  this  shift  is  not 
understood. . . " 

In  using  the  above  example,  there  was  no  intention  to  single  out  CSD. 

In  the  recent  attempts  of  Aerotherm  (GASKET  2 Final  Report  AFRPL-TR-76-70) 
to  obtain  kinetics  type  rate  constant  data  for  C/C  graphite  materials,  it 
was  found  that  the  so-called  "rate  constants"  varied  with  the  particular 
material  being  tested.  The  resulting  information,  while  no  doubt  useful, 
can  hardly  be  considered  to  have  the  type  of  generality  desired  in  a pre- 
diction analysis. 

If  one  attempts  to  define  the  "deficiency"  of  a prediction  theory  in 
terms  of  the  departure  of  the  "prediction"  from  "measured",  the  prediction 
of  Delaney,  et  al  for  Arcite  368  (a  non-aluminizsd  propellant)  gave,  for  • ] 

certain  conditions,  an  erosion  rate  of  4 mils/sec.  This  is  a departure  of 
17.6%  which  would  appear  to  be  a very  good  prediction,  but  it  must  be  noted 
that  there  was  only  one  experimental  data  point! 

\z 

In  the  correlation  of  Mayberry,  et  al.,  the  observed  Sherwood  number 
(a  measure  of  erosion  rate)  is  plotted  vs.  the  predi cted  Sherwood  number  on 
a log-log  basis  (Figure  11 ),  a method  which  allows  the  greatest  per- 

centage departure  to  be  seen  by  inspection.  This  turned  out  to  be  obs.Sh.  = 3.6 
for  pred.  Sh.  = 1.4,  giving  a departure  of  61%.  "Most"  of  the  large  scatter 
points,  however,  were  within  40%  and  the  average  deviation  of  data  was  2V  for 
an  increase  of  30.4-fold  of  observed  Sherwood  number. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


The  objectives  of  this  work  have  been  to  assess  the  deficiencies  in 
current  erosion  prediction  methods  and  to  suggest  appropriate  measures 
for  their  elimination.  In  the  previous  sections,  the  author  has 
attempted  to  identify  the  strengths  and  weaknessess  of  various 
predictive  methods,  both  empirical  and  analytical.  The  following  comments 
summarize  findings  of  this  work  and  outline  recommendations  for  future 
research  on  nozzle  erosion. 

The  single  most  significant  deficiency  is  the  disparity  between 
rocket  nozzle  materials  of  current  interest  and  the  materials  modeled 
in  the  predictive  theories.  Carbon/ carbon  materials  are  still  undergoing 
development  with  regard  to  manufacturing  and  fabrication  and  are 
considerable  more  complex  than  their  graphite  predecessors.  However, 
existing  predictive  theories  are  based  on  isotropic  surface  models  anf 
thus  do  not  treat  the  details  of  weave  and  fiber  orientation  of  these 
newer  materials. 

Delaney  and  Gowariker  were  among  the  first  to  model  nozzle  erosion 
theoretically.  Their  models  contained  good  physical  insight  into  the 
problem  and  indicated  general  erosion  trends.  However,  Delaney's  simplified 
model10  made  predictions  (such  as  the  decline  of  instantaneous  erosion  rate 
with  time)  which  contradict  experimentally  observed  results?  And  Gowariker 's 
inclusion  of  material  porosity  in  erosion  calculations11  was  left  largely 
unjustified.  Thus  the  theoretical  analyses  are  less  than  satisfactory  for 
predicting  nozzle  erosion. 

The  motor  correlations  of  Mayberry,  et  al.12  and  of  Geisler  both  appear 
to  have  merit  for  predicting  erosion.  Such  correlations  bring  together 
the  results  and  experience  gained  through  many  rocket  motor  firings,  and 
although  empirically  based,  they  indicate  the  important  physical  parameters 
which  influence  erosion.  And  for  a problem  as  admittedly  complex  as  the 
prediction  of  nozzle  erosion,  a certain  amount  of  empiricism  must  be 
conceded.  The  limitations  of  such  correlations  are  that  they  were  developed 
for  graphite  materials  only,  and  in  the  case  of  Geisler's  correlation,  the 
data  were  obtained  from  short  burn  times  only  (typically  less  than  four 
seconds) . 

The  computer  erosion  calculation  procedures  in  use  by  the  rocket 
industry  seem  to  be  the  most  appropriate  technique  for  predicting 
material  performance  trends  (and  should  be  accurate  to  the  degree  that 
the  erosion  models  are  physically  based).  But  these  also  seem  inadequate 
for  predicting  accurate  nozzle  erosion  rates.  These  methods  suffer  from 
the  material  dependence  of  their  models.  Upon  reflection,  one  can  suggest 
that  the  actual  usefulness  of  these  calculation  precedures  is  in  providing 
the  indepth  temperature  response  of  the  structure  (for  use  in  design  studies), 
not  for  prediction  of  actual  erosion. 


- 
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In  summary,  several  methods  are  available  for  predicting  material 
performance  trends.  However,  the  accurate  estimation  of  nozzle  erosion 
rates  is  generally  unsatisfactory  and  depends  heavily  on  engineering 
judgement. 

The  most  important  recommendation-resulting  from  this  work  is  the 
suggestion  to  catalogue  the  results  of  all  rocket  motor  tests  involving 
carbon/carbon  materials.  This  would  be  the  first  step  towards  incorpora- 
ting carbon/carbon  data  into  nozzle  erosion  rate  correlations  and  would 
also  provide  phenomenological  data  from  which  better  predictive  theories 
may  be  developed. 

It  is  also  recommended  that  the  inclusion  of  sublimation  into  the 
prediction  models  be  reexamined.  Inclusion  of  sublimation  effects  may 
be  justified  due  to  the  increased  flame  temperature  of  recent  propellants. 

It  would  also  be  a desirable  research  objective  to  auantify  the 
effects  of  mechanical  erosion.  One  can  suggest  a series  of  cold  flow 
tests  involving  air-entrained  Al-O,  particles  and  subscale  nozzles 
simulating  representative  space  and  ballistic  motor  chamber  geometries. 

If  such  tests  included  flow  visualization  movies,  one  could  also  learn 
more  concerning  the  complex  nature  of  the  submerged  flow  regions. 

It  would  also  be  desirable  to  have  a non-interfering  technique  for 
measuring  instantaneous  erosion  rate.  It  has  been  noted  that  the  variation 
of  erosion  rate  with  time  is  not  linear,  due  to  the  increased  degradation 
of  the  nozzle  surface  with  time.  Instantaneous  erosion  rate  data  would 
permit  better  correlation  of  existing  data  obtained  from  different 
duration  burn  times  and  would  allow  more  accurate  prediction  of  long 
duration  motor  firings. 

Finally,  it  is  suggested  that  erosion  prediction  theoretical 
results  be  presented  in  the  manner  of  the  correlation  of  Mayberry,  et  al.1-, 
which  plots  predicted  Sherwood  number  vs.  observed  Sherwood  number  on  a 
log-log  basis.  A glance  at  the  resulting  plot  would  give  a quick  visual 
assessment  of  the  magnitude  and  scope  of  deficiencies.  Consistent 
departures  from  the  anticipated  values  within  a specific  range  of  parameters 
would  then  be  assessed  on  a equal  basis. 
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ABSTRACT 


The  power  of  the  computer  has  made  digital  transmission  of  electro- 
cardiagrams  increasingly  popular;  however,  for  efficient  transmission 
the  digitized  ECG  data  must  be  preprocessed  (compressed)  into  fewer  bits 
per  second  in  order  to  use  available  transmission  channels. 

In  this  study,  an  adaptive  predictor  mechanism  is  considered  for 
combination  with  differential  pulse-code  modulation  (DPCM)  to  effect  the 
data  compression:  rather  than  the  samples  themselves,  only  the  differences 
from  the  predicted  values  are  transmitted.  Since  the  range  of  values 
of  the  differences  is  expected  to  be  much  smaller  than  the  range  of 
values  of  the  samples,  data  compression  is  achieved. 

The  predictor  is  a linear,  minimum  mean-square  error  (LMMSE) 
predictor  derived  on  the  assumption  that  the  digitized  ECG  signal  is  a 
periodically  stationary  random  sequence.  A software  program  is  being 
written  to  implement  the  predictor  for  testing  with  actual  ECG  data. 

The  program  will  be  used  to  study  (and  optimize)  the  predictor  per- 
formance. Data  collected  are  to  be  used  to  help  specify  further  source 
coding  to  achieve  additional  data  compression.  Some  source  coding 
techniques  are  considered  briefly. 
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Figure  1.  Tree  encoding 

Figure  2.  Tree  encoders.  Some  block  diagrams 
Figure  B-l.  Adaptive-predictor  program  (flow  chart) 
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INTRODUCTION 


Digital  transmission  of  electrocardiagrams  (ECO's)  has  become  in- 
creasingly popular,  for  three  reasons.  First,  digital  transmission  has 
much  greater  noise  immunity  for  a fixed  signal-to-noise  ratio.  More- 
over, the  decreasing  cost  of  microprocessors  and  other  digital  logic 
has  provided  the  ability  to  do  significant  signal  processing  and  control 
cheaply.  Thus  the  ECG  can  be  sampled,  digitized,  and  pre-processed 
into  an  efficient  transmission  format  economically.  Finally,  the  cost 
of  mass  storage  is  becoming  economical:  the  received  ECG  may  be  elec- 
tronically stored  in  discrete  form  in  lieu  of  being  restored  to  analog 
form  for  later  analysis,  processing,  etc. 

Preprocessing  into  an  efficient  transmission  format  is  the  current 
"sticky  wicket"  in  digital  electrocardiagraphv . American  Heart  Asso- 
ciation (AHA)  standards  call  for  500  samples/second  per  lead  at  a pre- 
cision of  9 bits/sample:  for  a 3-lead  vectorcardiagram  (VCG)  a data 
rate  of  13.5  Kbps  is  called  for.  But  an  unconditioned  (dial-up)  voice- 
grade  telephone  modem  has  a typical  data  rate  capability  of  2400  bps, 
so  it  follows  that  for  real-time  transmission,  the  VCG/F.CG  must  be 
preprocessed:  compressed  into  a fewer  number  of  bits/second. 

Compression  algorithms  fall  into  two  catagories:  time  and  frequency. 
Both  are  well  covered  in  the  literature.  For  example,  some  represen- 
tative time  compression  algorithms  can  be  found  in  Dower  and  Stewart  [l], 
Cox,  et.al.  [2],  and  Weaver  [3];  representative  frequency  compression 
algorithms  are  described  in  Young  and  Huggins  [4],  Ahmed,  et.al.  [5], 
and  Womble,  et.al.  [6].  For  both  catagories,  compression  ratios  of 
about  10:1  have  been  reported.  The  frequency  representation  has  received 
somewhat  more  emphasis  in  light  of  its  traditional  attachment  to  the 
pattern  recognition  problem.  Time  representations  have  received  some- 
what less  emphasis  in  light  of  their  attachment  to  the  transmission 
problem — appropriate  algorithms  have  not  been  economical. 

Womble,  et.al.  [6]  used  the  optimum  least  mean-square  (LMS) 
frequency  representation  in  an  algorithm  to  achieve  a 12:1  laboratory 
compression  ratio.  This  report  considers  the  complementary  solution: 
an  optimum  LMS  time  representation  in  a compression  algorithm.  The 
theory  and  possible  extensions  of  such  a representation  are  contained 
in  the  body  of  this  report.  Preliminary  data  on  the  adaptive  predictor 
to  be  derived  herein  will  be  included  (if  available)  as  Appendix  C. 
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tae  predictor  is  adaptive.  This  resulcs  Iren  the  randor  saquercs  s 
being  at  most  periodically  stationary:  wi de-sense  stationary ty  would 
be  required  to  r.ake  the  minimur.  mean-square  error  independent  of  ... 


Suppose  M“>; ; a.  g. , otic  cull  period  used  ir.  forming  the  es- 
timate of  the  next  sample.  Since  the  random  sejunnce  is  periodica’ ly 
stationary,  it  can  be  shown  that  the  matrix  A is  cirrul icor” ‘ A ) 
differs  from  A (a)  by  jusc  a row  and  column  shife  For  this  case  i he 
column  vector  . is  identically  the  last  colviin  -.>f  A and  it  follows 
that  the  optimal  predictor  A0_,.  '-A ~L?'j  is  exactly  the  vector 
{0,0,...,’}  . The  optimum  pric'd  ccior  is  ju.->t  tha  ram  la  vaJua  ~rcr. 
one  period  earlier.  Carried  to  its  loyi  o.u]  conclusion,  we  n-r-e  proved 
that  the  optimal  LM-5SE  prediction  cf  a heartbeat  is  rhe  prior  beat. 

The  answer  is  intuitively  obvious,  and  not  pavticularlv  helpful, 
since  fcy  implication,  tha  first  beat  must  be  sent  in  f ui) - -ennpras s-'er. 
car  occur  only  on  succeeding  h.-utc.  Let  u*  briefly  cor?!.  Ar  another 
-o radiation.  Let  _s  be  the  heart  signal  end  £ - £-'•  ~e  ..he  measured 
neart  signal  (corrupted  by  cm  rcisa  term  \_) . . ?ir.>  rhe  :mc  linear 

predictor  as  before, 
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Hie  squared  error  e(n)  = [ s(r. ' -«  ft. ) ] “ car.  be  fritter 
[A‘s  + \Lv  -sfr.)][/‘_s  t .*■ 1 v - .?■ 


n matrix  tore  is, 


Expanding,  taking  expected  values,  and  nir  i mixing  as  before  yicllc  ch.e 
optimum  predictor  coefficients 

A,Ft  * f a . + a„:  ‘ 1 r 

where  we  have  assumed  that  s(n)  arc  vy.'-  are  inc-rel acoc  a:.'-'  vfr)  has 
tero  mean.  Aq  r is  no  longer  tha  trivial  prea’ c1- or  as  before:  t >.c 
reason  being  tRac  is  not  circulator'*  (>»  the  implicit  assumption 
tnac  the  noise  is  not  periodic).  This  remit  is  of  imp  -cssive  si:.;  lice  — 
it  is  not  practical.  The  reasons  are  uimolc . First,  both  A and  A 
are  required;  finding  them  would  require  nssueptionn  on  one  the  7 
otner  (or  hotn)  or  would  require  experimental  deccrmi-aticr..  Second, 
ir.e  result  c ar.no c be  extended  to  cue  fuli-"'eriod  vector  corr'iulut  ion: 
the  extension  requires  periodicity . 


It  is  tc  be  meed  that  t>i<j  nn-cicular  approach  is  varv  close  to 
the  Kalman  fcrr.ulatian  of  the  control  orooLcr.  tn  it,  the  signal  sCrA 
is  assumed  to  be  an  autoregress i\ e source  driven  by  a rancor  generator 
v ( n ) . 

•°  (n-*T ) •»  $ : r_  -f-  v r.) 


it 

A simple  prooif  is  given  in  Appendix  . 


The  measurement  x(n)  = s(n)  + w(n) , where  w(n)  is  measurement  noise. 

The  Kalman  formulation  then  desires  a linear  estimator  s(n)  = aTx  such 
that  the  mean-square  error  is  minimized.  The  autoregressive  assumption 
is  probably  reasonable,  and  the  Kalman  formulation  has  the  advantage 
that  the  estimator  is  recursive.  But  it  is  very  restrictive  in  terms 
of  noise  models;  i.e.,  the  same  objections  as  the  preceeding  formulation. 

The  approach  to  be  adopted  is  to  modify  the  first  predictor  by 
truncating  it  to  M<N  terms.  In  so  doing,  neitherAs  nor  F is  circula- 
tory and  hence  the  predictor  is  no  longer  trivial.  Moreover,  it  is 
adaptive;  using  the  most  recent  information  available  about  the  specific 
waveform  it  is  attempting  to  predict.  The  algorithm  is  explained  in 
Appendix  B. 


FUTURE  DIRECTIONS 


This  portion  of  this  report  is  being  written  without  benefit  of 
clergy — that  is,  the  software  adaptive  predictor  is  not  yet  running. 
Without  data  to  determine  the  quality  of  the  predictor,  it  is  extremely 
difficult  to  make  any  meaningful  statements  about  what  should  follow. 

We  expect  the  predictor  to  be  quite  accurate;  e.g.,  the  difference 
§(n)-s(n)  should  be  small  for  most  measurements.  Recall  that  the  pre- 
dictor length  M is  variable  and  (from  Appendix  B)  that  the  predictor 
complexity  depends  roughly  on  M . Thus  two  important  questions  yet 
to  be  answered  are:  How  will  the  accuracy  (i.e.,  mean-square  predic- 
tion error)  vary  with  M?  Is  there  an  optimum  predictor  length? 

Answers  require  the  predictor  difference  statistics — experiment. 

Yet  another  point  to  consider  is  that  no  matter  how  good  the 
predictor,  it  must  occasionally  fail — for  example,  due  to  noise  in  the 
measurement — and  as  was  pointed  out  in  an  earlier  report  [7],  anv 
differential  method  of  data  transmission  is  limited  by  the  ragnitv  - 
of  the  worst  difference.  For  example,  if  the  worst  difference  re- 
quires 3 bits  to  transmit,  then  every  difference  must  be  encoded  into 
3 bits  in  lieu  of  additional  processing  and  the  compression  is  fixed  at 
N:3.  The  average  number  of  bits  required  to  transmit  a difference  can 
be  reduced  by  source  coding,  but  to  effectively  source  code  requires 
the  predictor  difference  statistics;  again,  experiment.  Source  coding 
procedures  are  general,  however,  and  so  we  turn  to  techniques. 

The  classical  method  is  Huffman  coding(see  [8],  sec.  3. A),  a 
variable-length  procedure  that  assigns  unlikely  messages  (i.e.,  big 
differences)  very  long  codewords  in  order  to  save  verv  short  codewords 
for  the  likely  messages  (i.e.,  small  differences).  The  average  code- 
word length  is  always  less  than  that  required  to  send  the  messages 
directly.  The  Huffman  code  normally  requires  a large  codebool:  (mem- 
ory) but  Weaver  [3]  proposed  a procedure  later  formalized  hv  Hankamer  [ °] 
to  reduce  the  codebook  dramatically  with  only  a small  increase  in 
average  word  length.  Thus  the  modified  Huffman  procedure  is  quite 
attractive  if  the  differences  are  such  chat  only  a very  small  minoritv 
differ  significantly  from  zero. 
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(a)  LMS  predictor  (b)  tree  encoder 

Figure  1.  Tree  Encoding 

A more  recent  approach  to  the  source  coding  problem  is  called 
tree  encoding.  It  is  an  extension  of  predictive  ~,Pr"  er  ploying  some 
of  the  results  of  error  control  coding  and  rate-distortion  theory.  The 
procedure  is  complex,  but  the  idea  is  rather  simple.  Ordinary  pre- 
dictive DPCM  makes  a LMS  prediction  of  the  next  sample  based  on  some 
statistical  knowledge  of  the  source  and  transmits  the  difference — 
irregardless  of  its  size.  A tree  encoder  takes  a look  at  the  difference 
and,  if  necessary,  modifies  its  prediction.  Since  each  set  of 
previous  estimates  can  have  multiple  predictions  extending  from  it, 
the  prediction  sequence  has  the  branchlike  structure  of  a tree  (see 
Figure  1),  hence  the  name  tree  encoding.  The  data  to  be  transmitted 
is  the  path  through  the  tree,  and  the  "best"  path  is  chosen  by  the 
encoder  according  to  some  pre-selected  distortion  measure.  An  excel- 
lent reference  for  this  approach  is  Anderson  and  Bodie  [ 1 0 ] . In 
particular,  their  Figure  3 (see  Figure  2,  next  page)  block  diagrams  an 
encoder — note  that  the  quantized  error  is  returned  to  the  predictor. 

Their  Figure  8 (also  Figure  2,  next  page)  indicates  the  complexity  of 
the  general  encoder. 

Huffman  coding  offers  the  possibility  of  exact  reproduction  of 
the  transmitted  sequence,  but  at  a cost  (in  bits  transmitted  per  sample) 
dependent  on  the  probability  structure  of  the  differences.  Tree  encodinp 
on  the  other  hand,  offers  the  ultimate  in  compression  (one  bit  trans- 
mitted per  sample),  but  at  the  cost  of  only  being  able  to  reproduce  the 
sequence  to  within  the  distortion  measure.  Which  of  the  two  methods  is 
more  appropriate  is  an  open  question  at  this  time. 

One  last  point  to  consider:  the  ultimate  reduction  possible  using 
this  predictive  DPCM  is  1 bit/sample.  Assuming  a sample  precision  of 
9 bits/sample,  the  ultimate  compression  ratio  is  only  9:1.  Womble,  et.al 
have  already  exceeded  j.2 : 1 in  the  laboratory  using  a frequency  algo- 
rithm. In  order  to  further  compress  the  data,  one  must  somehow  begin 
to  delete  samples.  One  method  was  implied  in  the  pre-transmission 
"massaging" — in  blocking  each  heartbeat  to  a centered  N’-sample  segment 
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3.  Circuit,  code  tree,  and  example  for  DPCM.  Recursive 
realization  of  McDonald  model. 


Fig.  8.  General  multipath  encoder  using  transversal  code  generator. 


? 


Figure  2.  Tree  encoders.  Some  block  diagrams. 


for  transmission,  some  samples  (usually  between  beats)  are  deleted.  If 
the  predictor  proves  to  be  good,  then  another  method  suggests  itself — 
interpolation.  That  is,  transmit  only  every  second  (or  third,  or  fewer) 
samples;  interpolate  the  remaining  points  using  a MMSE  interpolator. 
The  interpolator  would  have  basically  the  same  form  as  the  predictor 
(hence  approximately  the  same  MSF.)  and  be  readily  extendible  into  a 
non-adaptive , full-period  vector  form. 


REFERENCES 

[1]  Dower,  G.E.,  and  D.  Stewart,  "An  ECG  compression  code,"  J. 
Electrocardial . , VI,  No.  2 (1973)  17 5- 17b. 

[2]  Cox,  J.R. , et.al.,  "AZTEC,  a preprocessing  program  for  real-time 
ECG  rhvthm  analysis,"  IEEE  Trans.  Eio-Med . Eng.,  B>!E-15  (Apr  68) 
128-129. 

[3j  Weaver,  C.S.,  Digital  ECG  Data  Compression  (Working  Paper), 

SRI  International,  333  Ravenswood  Ave.  , Menlo  Park,  CA  94025 
(20  July  1977). 

[4]  Young,  T.Y.,  and  W.H.  Huggins,  "on  the  representation  of  electro- 
cardiagrams , " IEEE  Trans.  Bio-Wed.  Eng.,  EME-10  (Jul  63)  86-95. 

[5]  Ahmed,  N. , et.al.,  "Electrocardiagraphic  data  compression  via 
orthogonal  transforms,"  IEEE  Trans.  Eio-Med.  F.ng.,  BME-22  (Nov  75) 
484-492. 

[6]  Womble,  M.E.,  et.al.,  'Data  compression  for  storing  and  transmitting 
ECG/VCG ' s , " Proc.  IEEE,  Yol.  65,  Mo.  5 (1977)  702-706. 

[7]  Hankamer,  M. , "Electrocardiagram  data  compression:  discussion  and 
recommendations,"  unpublished  report  for  the  Aeromedical  Cyber- 
netics Branch,  Clinical  Sciences  Division,  School  of  Aerospace 
Medicine,  Brooks  AFB,  TX  (28  Jul  1978). 

[8]  Gallager,  R.G.,  Information  Theory  and  Reliable  Communication, 

John  Wiley,  1968. 

[9]  Hankamer,  M. , "An  almost  optimum  Huffman  procedure  with  reduced 
memory  requirement,"  unpublished  memorandum,  1 Aug  78. 

[10] 

Anderson,  J.B.,  and  J.B.  Bodie,  "Tree  encoding  of  speech,  ' IFEE 
Trans.  Inform.  Thy.,  IT-21,  No.  4 (Jul  75)  379-387. 


33-11 


APPENDIX  A 


■fa 


Let  us  assume  that  M=N=3;  a full  period  estimate  of  the  next 
sample  s(n+l)  of  the  periodic  random  sequence  £ is  being  derived.  The 
correlation  matrix  Ag  is  given  by 

R(n,n)  R(n,n-1)  R(n,n-2) 

Ag  = R(n-I,n)  R(n-l,n-l)  R(n-l,n-2) 

_R(n-2,n)  R(n-2,n-l)  R(n-2,n-2) 


and  the  correlation  vector  T is  given  by 


R(n+i 


>n)  ‘ 


R(n+I ,n-I) 
R(n+l,n-2) 


R(n+l-3,n) 

R(n+l-3,n-l) 

R(n+l-3,n-2)_ 


R(n-2 ,n) 
R(n-2,n-I) 
R(n-2 ,n-2)_ 


where  we  have  used  the  periodicity  of  R(-,-)-  We  note  that  T is  in  fact 
the  last  column  of  Ag  since  R(n,m)  = R(m,n). 

THEOREM:  The  optimum  estimator  coefficient  vector  A t=*A~*r  = {o,0, . . . , l}T 
for  any  sample. 

Proof:  From  above,  we  know  that  AsAopt=  F.  We  maX  find  the  ic^ 
entry  of  the  vector  A by  Carson's  Rule. 

| A s ( i ) I 


where  • indicates  the  determinant  and  A_(i)  is  the  matrix  A_  with  the 
th  * ® 

i column  replaced  by  F.  If  i^N,  then  Ag(i)  has  two  identical  columns, 

from  which  it  follows  that  its  determinant  is  zero  and  hence  a =0.  If 
i-N,  then  we  are  replacing  the  last  column  bv  Itself,  from  which 


|a3(n) 


f Ag f and  hence  a^»i. 
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APPENDIX  B 


We  assume  that  the  ECG  data  has  been  properly  "massaged"  and  has 
been  transformed  into  N-sample  data  blocks  prior  to  entering  the  predictor. 
If  so,  then  the  prediction  algorithm  has  the  functional  block  diagram 
given  in  Figure  B-l.  Two  comments  about  the  program  are  in  order. 

First,  the  correlation  functions  used  in  the  matrix  A and  vector  F 
are  statistical  averages  taken  over  an  ensemble  of  random  sequences,  so 
we  must  provide  an  "ensemble"  for  the  program  to  work  with.  This  is 
done  by  providing  the  program  with  an  ensemble  of  two:  HI  and  H2.  HI  is 
initially  random  and  H2  contains  a population  average  heart  signal. 
Ensemble  averages  for  the  various  correlations  are  computed  on  the  basis 
of  this  "ensemble"  with  HI  having  probability  p and  K2  having  probability 
(1-p).  As  samples  enter  the  program,  Hi  and  H2  are  continuously  updated 
in  such  a fashion  that  H2  always  contains  the  prior  period  and  HI  con- 
tains the  average  of  the  preceeding  periods.  The  probability  p is 
left  free  to  weight  the  ensemble  in  any  desirable  fashion. 

Second,  the  difficult  part  of  the  program  is  the  inversion  of  the 
MxM  matrix  A.  Currently  it  is  being  done  by  standard  subroutine  algo- 
rithms, but  since  A is  symmetric  and  partially  circulatory,  it  seems 
likely  that  a simpler  special-purpose  algorithm  could  be  designed  to 
reduce  the  complexity. 

Matrix  manipulation  is  typically  one  of  the  most  time-consuming 
operations  a computer  is  called  upon  to  perform;  running  time  is  approx- 
imately proportional  to  m2.  We  note  that  there  are  actually  two  matrix 
manipulations  in  this  program:  the  matrix  inversion  and  the  correlation 
updating.  Since  each  operation  must  be  performed  for  each  new  sample, 
it  is  imperative  that  M not  be  allowed  to  grow  too  large. 
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Initialization 
index= I 

Hl(N)=e  & H2(N)=pop.  avg.  beat 


Compute  (M^+M)/2  initial  correlations 
A ( i » j ) = P*Hl(i)*Hl(j)  + (l-p)*H2(i)*H2(j) 


A(i,j)  = p*Hl(i)*Hl(j)+(  I-p)  *112  (i)  *H2  ( j ) for  i or  j = 1 


NOTE:  most  recent  data  is  assumed  to 
be  stored  at  beginning  (first  term) 
of  arrays. 


Figure  B-l.  Adaptive-predictor  program  (flow  chart) 


APPENDIX  C 


(No  data  available  as  of  A.ugust  18,  1978) 


1978  USAF-ASEE  SUMMER  FACULTY  RESEARCH  PROGRAM 
sponsored  by 

THE  AIR  FORCE  OFFICE  OF  SCIENTIFIC  RESEARCH 
conducted  by 

AUBURN  UNIVERSITY  AND  OHIO  STATE  UNIVERSITY 

PARTICIPANT’S  FINAL  REPORT 

IN  VITRO  STUDY  OF  MICROWAVE  EFFECTS 
ON  CALCIUM  EFFLUX  IN  RAT  BRAIN  TISSUE 


Prepared  by: 

Academic  Rank: 

Department  and  University: 


Wesley  W.  Shelton,  Jr.,  Ph.D. 

Assistant  Professor 

Department  of  Electrical  Engineering 
Florida  Institute  of  Technology 


Assignment: 

(Air  Force  Base) 

(Laboratory) 

(Division) 

(Branch) 

USAF  Research  Colleague: 
Date: 


USAF  School  of  Aerospace  Medicine, 
Brooks  AFB,  Texas  78235 

Biochemi stry 

Radiation  Sciences  Division 
Radiation  Physics  Branch 


Contract  No. : 


James  H.  Merritt 
25  August  1978 
F44620-75-C-0031 


Considerable  experimental  evidence  has  accrued  identifying  adverse 
central  nervous  system  response  to  radiofrequency  and  microwave  radiation, 
the  appearance  and  severity  of  change  being  a function  of  such  variables 
as  power  density,  frequency,  exposure  duration,  and  facilitating  factors 
(e.g.,  drugs,  stress).  A yet  uncertain  and  highly  contested  question  is 
that  of  a threshold  (or  threshold  values  for  the  variables)  characteriza- 
tion of  radiofrequency /microwave  irradiation  at  which  a threat  to  human 
well-being  becomes  manifest. 

This  study  investigated  the  prospect  of  microwave-induced  alteration 
of  45Ca++  efflux  in  brain  tissue  at  low  values  of  pulse  repetition 
frequencies  (PRF)  and  power  densities  under  in  vitro  experimental 
conditions.  Rat  cerebral  tissues  were  incubated  for  30  min  with  45Ca++ 
and  then  transferred  to  fresh  solution  (efflux  medium)  for  a 20  min  exposure 
to  pulsed  microwave  irradiation  according  to  one  of  several  PRF-power 
density  exposure  schemes:  16  Hz  at  0.5,  1.0,  2.0,  and  15.0  mW/cm2,  and 
32  Hz  at  1.0  and  2.0  mW/cm2.  Measurements  of  radioactivity  in  the  efflux 
medium  and  in  the  tissue  sample  were  used  to  calculate  an  efflux  value 
for  each  sample.  Control  samples  were  placed  in  the  irradiation  chamber 
with  the  power  off  to  accomplish  "sham"  conditions. 

Preliminary  statistical  treatment  of  the  data  indicates  that  no 
significant  differences  exist  between  irradiation  and  control  efflux 
values . 
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I.  INTRODUCTION 


A.  Background 

A considerable  amount  of  experimental  evidence  has  accrued 
establishing  adverse  physiological  responses  to  radiofrequency  and  micro- 
wave  radiation.  With  regard  to  the  central  nervous  system,  the  evidence 
is  drawn  from  multi-faceted  studies  describing  electrophysiological , 
neurochemical,  morphological,  and  behavioral  modifications  induced  by 
these  radiations,  the  appearance  and  severity  of  change  being  functions  of 
such  variables  as  power  density,  frequency,  and  facilitating  factors 
(e.g.,  drugs,  stress,  etc.). 

Still  controversial , however,  is  the  ultimate  question  regarding 
bioeffects  of  electromagnetic  radiations:  are  there  critical,  or  thresh- 
old, values  of  these  variables  for  which  the  onset  of  adverse  bio^ffects 
appears,  and  what  are  they?  Massive  experimentation  in  the  Soviet  Union 
and  East  European  countries  has  led  them  to  conclude  that  a basic  safety 
criterion  is  that  exposure  levels  should  remain  below  10  uW/cm2.  Less 
than  adequate  reporting  procedures  by  the  latter  researchers  left  Western 
researchers  in  uncertainty  regarding  the  conclusions  drawn  from  those 
works.  Spurred  by  the  recognition  of  a need  for  safety  standards  in  the 
face  of  ever-increasing  use  of  electromagnetic  radiations.  Western 
research  soon  led  to  a power  density  of  around  10  mW/cm2  as  the  basic 
exposure  safety  standard.  This  three  orders  of  magnitude  variance  from 
the  Soviet  standard  is  still  a contested  point,  and  currently  much  research 
is  still  being  invested  in  the  examination  of  these  standards. 

B.  Brief  Literature  Survey 

Bawin,  Kaczmarek  and  Adey  (1)  reported  a range  of  frequencies, 

6-20  Hz,  whose  sinusoidal  modulation  (80-90%  modulation  depth)  of  a 
147-MH z carrier  could  produce  significant  increases  in  45ca++  efflux  at 
low  power  densities  (around  1 mW/cm2)  in  neonatal  (2-7  days  in  age)  chick 
forebrains.  The  latter  experimental  subject  was  selected  for  its 
reportedly  high  sensitivity  to  small  perturbations  in  extracellular  Ca** 
concentrations.  The  maximal  response  occurred  at  16  Hz,  where  4503++ 
efflux  was  found  to  be  18.5%  above  controls.  Frequencies  outside  this 
range,  as  well  as  the  unmodulated  carrier  itself,  were  ineffective  in 
producing  any  efflux  changes. 

A subsequent  report  by  Bawin  and  Adey  (2)  con'  ioered  the  actions 
of  only  the  slow  modulation  frequencies  on  45Ca++  ef  'ux,  motivated  by 
the  apparent  absence  of  effects  on  efflux  in  brain  tissue  irradiated  with 
unmodulated  carrier  in  an  earlier  experiment  (1).  Samples  of  cat  cortical 
tissue  were  included  in  this  experiment  along  with  chick  brains.  Here, 
it  was  concluded  that  direct  application  of  6-16  Hz  sinusoidal  fields 
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could  produce  a decrease  in  ^Ca++  efflux  in  chick  and  cat  brain  tissue. 
However,  this  effect  was  observed  only  when  signals  in  the  "window"  of 
neuroactive  frequencies  possessed  amplitude  values  within  another  "window" 
ranging  from  56  to  100  V/m.  The  reduction  in  efflux  was  found  to  be  as 
much  as  15%  below  that  of  controls. 

The  findings  reported  in  the  two  original  papers  (1,  2)  have  been 
reasserted  in  later  reports  (3,  4). 

C.  Experimental  Rationale 

The  experimentation  described  in  this  report  was  designed  to 
investigate  the  prospects  of  microwave  alteration  of  45ca++  efflux  under 
conditions  more  compatible  with  those  of  immediate  interest  to  the  Air 
Force.  Thus,  the  insult  selected  is  pulsed  microwave  emission  of  low 
power  density  as  observed  in  the  far-field  region.  The  selection  of 
Sprague  Dawley  rats  introduces  a mammalian  brain  less  sensitive  to  small 
perturbations  of  extracellular  divalent  ion  concentrations  than  chick 
brain  while  at  the  same  time  permitting  ease  in  tissue  access.  Several 
combinations  of  modulation  frequencies  (or  pulse  repetition  frequencies, 
PRF)  and  power  densities  were  constructed  from  representative  values 
within  and  external  to  the  respective  "windows"  specified  above.  The 
correspondence  between  the  amplitude  (electric  field  intensity,  E)  and 
incident  power  density  (PD)  as  seen  in  the  far-field  region  was  taken  as 


E r ) ■ { PD  (sk)  * 3770  o) . 

45ca++  efflux  findings  from  rats  exposed  to  this  variety  of  irradiation 
schemes  were  compared  to  those  of  control  rats  which  underwent  "sham" 
irradiation. 

II.  METHODS  AND  MATERIALS 

A.  Animals  and  Sample  Preparation 

Male  albino  Sprague  Dawley  rats,  140-200  g,  were  used  exclusively 
in  these  experiments  and  were  allowed  Purina  Chow  and  water  ad  libitum. 

The  animals  were  sacrificed  by  means  of  cervical  dislocation  and  the 
cerebral  hemispheres  rapidly  removed.  Frontal  lobe  samples  were  obtained 
with  a #10  surgical  blade  by  three  cuts:  a midsagittal  cut,  a horizontal 
cut  originating  at  the  frontal  poles  and  extending  to  about  midpoint 
along  the  longitudinal  axis,  and  a coronal  cut  approximately  5 mm  posterior 
to  the  frontal  poles.  Thus,  two  samples  were  obtained  per  animal.  The 
samples  were  then  weighed  and  placed  in  beakers  partially  immersed  in  ice 
prior  to  incubation  while  additional  samples  were  obtained.  Three  pairs 
of  forebrain  samples  were  processed  together  in  a group  as  either  experi- 
mental s or  controls.  Each  day  consisted  of  a morning  and  an  afternoon 
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experimentation  session.  In  each  session  an  experimental  group  was  first 
processed,  followed  by  a control  group  which  subsequently  occupied  the 


same  chamber  apparatus  to  accomplish  "sham"  irradiation.  Four  groups 
(one  set)  of  experimental s and  four  groups  of  controls  comprised  the 
sample  population  for  each  experiment.  The  basic  procedures  used  in 
these  experiments  are  expressed  by  the  flow  chart  in  Figure  1.  Additional 
details  are  provided  in  the  individual  experiment  descriptions  given 
below  and  in  Table  1 . 

B.  Incubation  Medium 

The  incubation  medium  used  in  these  experiments  was  that  described 
by  Cooke  and  Robinson  (6):  124  mM  NaCl , 26  mM  NaHC03,  5 mM  KC1,  12  mM 

KH2PO4,  1.3  mM  MgSC>4,  0.75  mM  CaCl2,  10  mM  glucose. 

C.  45ca++  Solution 

10  yCi/cc  of  incubation  medium  (obtained  from  ICN  Pharmaceuticals, 
Inc.)  (half-life  164  days). 

D.  Anechoic  Chamber 

An  L-band  horn  transmitter  was  positioned  vertically  above  a 
plexiglass  water  bath  which  was  centered  beneath  at  the  horn  center-point. 
The  irradiation  was  performed  in  the  center  of  the  10  ft  X 10  ft  test 
center  of  an  Emerson  and  Cumming  10  ft  X 10  ft  X 24  ft  tapered  Eccosorb 
anechoic  chamber.  The  samples  were  contained  in  glass  beakers  and 
arranged  in  two  parallel  rows  of  3 beakers  each  by  a floating  styrofoam 
holder,  the  array  dimensions  being  restricted  to  values  much  smaller  than 
those  of  the  mouth  of  the  horn.  The  samples  were  maintained  in  the  far- 
field  region,  and  the  ^-vector  was  normal  to  the  array  surface.  Heating 
effects  were  considered  negligible  as  a result  of  measurements  made  in 
media-filled  beakers  under  exposure  conditions.  Incident  power  densities 
at  the  sample-array  plane  wave  were  obtained  using  a Narda  Electromagnetic 
Radiation  Monitor  (Model  8316b)  and  Isotropic  Probe  (Model  8231).  A 
gentle  back-and-forth , lateral  motion  (approx,  one  cycle  per  second)  was 
imparted  to  the  array  by  a long  plexiglass  rod  (1/2"  dia.)  attached  to 
the  floating  styrofoam  holder  in  the  water  bath  and  adapted  to  the  shaft 
of  a Research  Specialties  shaking  water  bath  maintained  approximately 
1 yd  away  from  the  immediate  irradiation  area.  Water  was  maintained  at 
30°C  by  a Neslab  heating  unit  outside  the  chamber  and  routed  to  and  from 
the  plexiglass  reservoir  in  the  chamber  by  tubing.  Lateral  displacements 
of  the  styrofoam  holder  were  limited  such  as  to  keep  the  samples  at  all 
times  underneath  the  horn  mouth. 

E.  Experiments  I-V 

These  experiments  were  designed  to  provide  data  regarding  45ca++ 
efflux  after  20  minutes  of  irradiation  at  one  of  six  selected  regimens. 
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3 Rats 


Sacrifice 


(a)  Cervical  dislocation 

(b)  Rapid  removal  of  brain,  removal  of  meninges 

(c)  Frontal  pole  samples  excised  ( 80-100  mg) 


Incubation 


(a)  4 ml  incubation  media 

(b)  0.2  ml  45Ca++  solution 

(c)  Water  bath  (37°C),  gentle  shaking 

(d)  30  minutes 


Irradiation 

l 


(a)  Wash  samples  in  incubation  medium 

(b)  Place  in  2 ml  incubation  medium 

(c)  Lucite  water  bath  (30°C),  gentle  shaking 

(d)  Irradiation  (exposure  rats  only) 

(e)  20  minutes 

(f)  Anechoic  chamber 


Post  Irradiation  ! 


(a)  0.5  ml  aliquot  + 9 ml  Dimilume 

(b)  Wash  tissue  sample  c incubation  medium,  then: 

(i)  + 2 ml  soluene 

(11)  overnight  digestion 
(iii)  + 9 ml  Dimilume 

(c)  Liquid  scintillation  counting  (Beckman-LS  230) 


Figure  1.  Flow  Chart  for  Basic  Experimental  Procedures 
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Each  regimen  is  characterized  by  a pulse  repetition  frequency  (PRF)  and 
incident  power  density  chosen  on  the  basis  of  the  "window"  values  described 
by  Bawin,  Kaczmarek  and  Adey  and  Bawin  and  Adey  (1,  2).  The  protocol  is 
graphically  presented  in  Table  1.  An  asterisk  accompanying  a power 


density  or  PRF  specification 
for  that  parameter. 

indicates 

that  value  to  be 

within  the 

"window" 

Exp.# 

Pwr  Density 
(mW/cm2) 

Carrier 

Freq 

(GHz) 

P.W. 

(msec) 

PRF 

(Hz) 

Duty 

Factor 

# Samples 
Exposure  Control 

I 

1.0* 

1 

20 

16* 

0.32 

24 

24 

II 

2.0 

1 

20 

16* 

0.32 

24 

24 

III 

_ _★ 

0.5 

1 

20 

16* 

0.32 

24 

24 

IV 

1.0* 

1 

10 

32 

0.32 

24 

24 

V 

2.0 

1 

10 

32 

0.32 

24 

24 

VI 

15.0 

1 

20 

16* 

0.32 

24 

24 

VII, VIII 

1.0 

1 

20 

16* 

0.32 

24 

24 

Table  1.  Exposure  Parameters 


F.  Experiment  VI 

This  experiment  involved  irradiating  tissue  at  an  incident  power 
density  exceeding  the  upper  limits  of  the  current  U.S.  standard  in  an 
attempt  to  elicit  changes  in  45ca++  efflux.  See  Table  1 for  exposure 
details. 


G.  Experiment  VII 

This  experiment  was  basically  the  same  as  Experiment  I except 
that  the  irradiation  was  interrupted  for  approximately  1 minute  after  4 
and  8 minutes  of  accrued  irradiation.  During  the  interruption,  0.5  ml 
aliquots  were  obtained  from  each  sample  and  0.5  ml  of  fresh  incubation 
medium  added  in  replacement.  The  experiment  was  terminated  after  12 
minutes  of  irradiation,  and  the  post- irradiation  treatment  described  in 
Figure  1 was  employed.  The  data  acquired  in  this  experimentation  were 
used  to  determine  any  changes  in  the  kinetics  of  4508++  that  might  be 
induced  by  microwave  irradiation.  The  exposure  parameters  are  given  in 
Table  1 . 
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H.  Experiment  VIII 

This  experiment  was  a repetition  of  Experiment  I except  for 
changes  in  tissue  handling  techniques.  Two  basic  modifications  were 
employed:  three  washes  from  wash  bottle  at  approximately  3-4  ml  per  wash 
(instead  of  the  usual  single  washing);  and  more  attention  to  removal  of 
pia  from  brain  surface  (also  adding  another  factor  of  having  a lengthier 
time  interval  between  extraction  of  sample  to  delivery  to  incubation 
medium).  See  Table  1 for  irradiation  scheme. 

III.  RESULTS 

The  term  "efflux  value"  in  this  study  was  taken  to  mean  specifically 

efflux  value  = 7 — CPM  (medium) 

CPM  (tissue)  + CPM  (medium) 

where  CPM  (medium)  is  the  total  counts-per-minute  (CPM)  in  the  efflux 
medium  as  determined  from  measurements  made  on  the  aliquots  and  CPM 
(tissue)  is  the  total  CPM  measured  in  the  tissue  at  the  end  of  an  experi- 
ment. The  denominator,  then,  represents  the  total  CPM  in  the  tissue  at 
the  outset  of  an  experiment.  A slight  modification  in  the  use  of  this 
expression  was  necessary  in  Experiment  VII,  the  kinetics  study.  In  the 
latter  study,  the  net  loss  of  45Ca++  during  each  interval  between 
samplings  (0-4  min.,  4-8  min.,  and  8-12  min.  of  radiation  or  control 
treatment)  and  successive  efflux  values  were  derived  by  taking  the  ratio 
of  each  of  those  values  to  total  tissue  45ca++  content  determined  to  be 
present  at  the  outset  of  the  experiment. 

All  results  were  subjected  to  only  the  basic  statistical  analysis 
because  of  time  limitations,  and  further  such  analysis  will  be  performed 
shortly,  though  confidence  in  the  basic  findings  here  is  expressed.  None- 
theless, the  treatments  applied  permitted  preliminary  evaluations  of  any 
differences  between  exposed  and  control  efflux  values.  Extreme  values 
were  also  scrutinized  and  discarded  where  statistical  protocol  allowed. 

A summary  of  all  results  of  this  study  is  presented  in  Table  2. 

Experiments  I -I I I . The  results  of  the  first  three  experiments  are 
graphically  displayed  in  Figure  2.  No  statistically  significant  difference 
could  be  found  between  radiation  and  control  efflux  values  in  any  of  the 
experiments,  as  indicated  by  the  modest  t-values  in  Table  2.  The  PRF  used 
in  all  three  cases  was  within  the  "window"  for  this  variable,  and  the  0.5 
and  1.0  mW/cm2  values  were  within  the  power  density  "window." 

Experiments  IV  and  V.  Figure  3 is  a graphical  presentation  of  the 
results  observed  in  the  32  Hz  PRF  study.  Again,  no  significant  differences 
could  be  found  between  control  and  radiated  groups. 
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Expt. 

Pwr  Dens. 
mW/crn^ 

Efflux  Value 
Exposed  (n) 

(m+S.D. ) 

Control  (n) 

Student's  t-test 

t 

I 

1.0 

36.8+5.6  (24) 

39.5+4.2  (23) 

1.9 

II 

2.0 

34.4+6.1  (24) 

32.3+6.9  (24) 

-1.1 

III 

0.5 

36.7+4.5  (24) 

36.6+4.1  (24) 

-0.1 

IV 

1.0 

40.3+5.0  (24) 

39.1+4.6  (24) 

0.9 

V 

2.0 

39.0+5.0  (22) 

39.4+4.0  (24) 

0.3 

VI 

15.0 

39.4+6.8  (24) 

38.4+4.0  (24) 

-0.6 

VII 

1.0 

(4  min) 

18.8+3.7  (24) 

18.7+3.1  (24) 

-0.1 

(8  min) 

9. 0+2. 3 (24) 

9. 1+2. 5 (24) 

-0.1 

(12  min) 

6. 8+1. 8 (24) 

7. 3+1. 7 (24) 

1.0 

VIII 

1.0 

45.5+6.8  (24) 

48.5+8.7  (24) 

1.3 

Table  2.  Summary  of  efflux  values.  Efflux  values  are  expressed  as 
mean  percentages  (m)  and  standard  deviations  (S.D.),  and  the  number 
of  samples  (n)  used  in  calculating  each  value  is  given  in  parentheses. 


Experiment  VI.  The  results  of  this  experiment  failed  to  reveal  any 
significant  changes  from  normal  efflux  behavior  despite  the  high  level 
(15  mW/cm2)  of  power  density  used. 

Experiment  VII.  Initial  experimentation  indicated  that  the  vast 
portion  of  efflux  occurred  by  the  time  12  minutes  of  accrued  irradiation 
had  elapsed.  Thus,  sampling  at  regular  4-minute  intervals  between  the 
start  of  irradiation  and  12  minutes  of  total  irradiation  was  considered 
to  be  appropriate  for  observing  any  efflux  differences  that  might  be 
induced  by  irradiation  during  the  most  active  phase  of  the  efflux 
phenomenon.  The  20-minute  point  is  essentially  covered  by  Experiment  I. 
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Efflux  (%)  Efflux  (X) 


Incident  Power  Density  (mW/cm2) 

Figure  2.  Experiments  I,  II,  III:  Efflux 
values  plotted  versus  various  incident 
power  densities  at  a PRF  of  16  Hz. 

Standard  deviations  are  indicated  by  vertical 
lines  atop  the  bars. 


Incident  Power  Density  (mW/cm2) 


Figure  3.  Experiments  IV,  V:  Efflux  values 
plotted  versus  various  incident  power  densities 
at  a PRF  of  32  Hz.  Standard  deviations  are 
indicated  by  vertical  lines  atop  the  bars. 


The  sampling  technique  used  for  Experiment  Vllwas  developed  to  allow 
completion  of  investigation  into  the  biological  end-points  just  described 
within  the  time  frame  provided:  the  more  valid  alternative  would  have  been 
to  process  an  entire  control  and  exposure  set  of  animals  for  each  sampling 
time.  The  technique  of  successively  taking  aliquots  of  the  efflux  media 
and  replacing  with  fresh  45ca++-free  medium  in  preparation  for  the  next 
sample  complicates  the  kinetics  interpretation  of  the  results  since  the 
external  45Ca++  concentration  is  altered  (reduced)  twice  during  the  experi- 
ment. But  the  results  here  are  conclusive  regarding  a valid  index  of 
change  in  efflux.  A graphical  presentation  of  the  findings  are  presented 
in  Figure  4.  The  points  plotted  are  the  respective  set  (24  animals) 
averages  taken  on  three  "efflux  figures"  derived  for  each  sample  in  a 
given  set  by  successive  incrementation  of  the  net  efflux  values  described 
above.  The  values  plotted  are  given  in  Table  3. 


Efflux  Figure  (m+S.D.) 

t=4  min  t=8  min  t=12  min 

Radiated 

18.8+3.7  27.8+3.5  34.6+4.1 

Control 

18.7+3.1  28.1+4.1  35.3+4.0 

Table  3.  Efflux  figures  used  to  construct  the 
graph  in  Figure  4.  The  times  given  indicate 
accrued  irradiation  time. 


Experiment  VIII.  Although  no  significant  efflux  value  differences 
are  evident  in  this  "special  handling"  experiment,  the  substantially 
higher  means  indicate  that  the  45ca+*  eff  x s enhanced  by  the  processing 
changes  employed  in  this  experiment  as  poire  ^ out  by  comparison  with 
Experiment  I. 

IV.  CONCLUSIONS  AND  RECOMMENDATIONS 

The  results  of  all  experimentation  performed  in  this  in  vivo  study 
failed  to  reveal  any  significant  alteration  of  the  45Ca++  eTflux  behavior 
in  brain  tissue  irradiated  by  low-PRF  pulsed  microwaves  presented  in  the 
far-field  region  at  low  power  densities  or  at  a power  density  slightly  in 
excess  of  current  U.S.  standards.  As  stated  earlier,  further  in-depth 
statistical  analysis  must  yet  be  applied  to  the  data,  and  this  task  is 
expected  to  be  completed  within  a few  weeks  of  the  date  of  this  report. 
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Reports  by  others  (1,  2,  3,  4)  of  definite  changes  material iz-'ng  in 
RfR-treated  (in  vivo)  brain  tissue  appears  to  be  a reproducible  finding 
as  demonstrated  by  the  original  researchers  themselves  as  well  as  o y 
ethers  employing  similar  methodology  (personal  communication  Although 
the  present  study  was  motivated  in  part  by  those  /'ep''v,+s , a direct  compari- 
son between  those  results  and  the  results  presented  herein  is  net  pricticai 
in  view,  principally,  cf  the  dissimilar  para, .lets;’  selec.i  used  in  tie 
basic  experimental  procedures,  ’he  most  prominent  di f^v^-ces  a'e  the  use, 
by  others,  of  VLF  sinusoidal  modulation  cf  a 1^7  MHz  ci-r-'e'-  for  exceri- 
mentai  insult  and  chick  and  cat  b*  ai n tissues  far  efflux  analys  . -Vrznar 
more,  differences  are  apparent  in  w>. t is  meant  by  the  term  "efflux  ’ 
which  in  the  case  of  others  is  cased  nonna i i zati ai,  of  measured  CP’ls  to 
sample  weights.  More  insight  {nto  lacyratcry  nraceoures  instrumentation, 
and  exoerimeita1  pro  toco1  might,  contr  auca  to  an  ex-  -ana  then  cf  why  no 
transport  perturbation  was  “■.■■fed  ip  tnis  experiment:  for  instance,  tissue 
handling  technique  ’=  k?:o7.  t.  'e  a r,  itical  fa.:tcr  f t.ne  experiment?.1 
procedure.  The  weight  f evidence,  though,  would  _eem  tc  dictate  a--.;ss- 
ment  that  whereas  efflux  anomalies  indeed  ..poear  under  the  experiire.it? i 
conditions  set  forth  by  others  (1,  ?' , cney  simp:/  fa:'  to  dev e loo  within 
the  experimental  framework  ut^lizeo  ’p  me  prese~„  work . 

Certainly  further  work  needs  no  be  pursued  *ri th4n  :**.  fs sally  in  vivo 
regime  described  in  the  preceding  oarag-aphs . A nv-rc  r~.  • : ■•enensi  ve  -ance 
of  carrier  frequencies  ana  modulation  schemes  as  well  a-  ; :.:c*-e  exhaustive 
analysis  of  tissue-handling  considerations  (e.u.,  suoar:*  .ial  lacerations, 
uniformity  cf  sample  geometries,  distribution  -f  absorb*-'.  in  samples 

during  "loading"  --  perfaos  an  autoradiography  study  • '.ns  regard',  would 
be  essential  elements  to  be  incorporated  into  additional  excerimerr,??!  ~r. 
to  describe  efflux  behavior  Jn  other  important  regions  of  the  RrVmicr ewave 
range. 

But  in  vivo  experimentation  is  clearly  not  the  most  optimal  atp;  cum 
to  the  study  of  mammalian  brain  patholooy.  Toe  damage  inevitably  "erred 
by  the  sucerf icia1  aspect  cf  trie  tissj-3  auring  resection  os  well  i-t  ‘•ne 
isolation  of  the  samoie  from  the  intricate  and  defeats  homeostatic 
cerebral  environment,  to  name  a fev:  disadvantages,  cose  serious  obstacles 
tc  the  projection  cf  m vivo  into  the  real-life  situation. 

A plausible  fi*st  step  toward  improvement  ip  experimental  design 
waula  be  the  introduction  of  live  aiin-ais  ~cr  at  !eost  the  ’Icadirp' 
onase  of  the  experiment.  Here,  the  45ra'*'t'  ould  oe  administered  intra- 
cisternafy  by  hyoedermic  needle  piioi  to  A radiation.  Brain  tissue 
"loading"  would  then  proceed  i_r_  vi  jo.  fc,  > -d,ort-term  study,  nuweva*-, 
the  removal  of  the  Drain  sample  after  the  f raiment  period  would  follow 
the  same  procedures  employee  in  the  -f  vitro  study.  In  such  a study, 
several  dif*atent  carrier  fracuer.cies  with  iccropr’ate  DRF  arc  cower 
density  characteristics  simulation  S'-ocf' ; commum cations  or  '■adar  (e.g., 
PAVE  PAWS,  MLS)  scenarios  cculd  oe  -.elected  for  experimental  irradiation. 
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Ultimately,  completely  in  vivo  studies  (with  their  attendant  complexi- 
ties) are  desired.  As  with  the  previous  experimentation  suggestion, 
dosimetry  considerations  become  more  acute  because  of  the  bone,  skin,  and 
other  tissues  interspersed  between  incident  radiation  and  the  brain  itself. 
However,  this  poses  no  insurmountable  obstacle  and  techniques  are  available 
for  deriving  valid  estimations  of  energy  distribution  under  such  circum- 
stances. Such  experimentation  would  have  as  an  initial  goal  the  identifica- 
tion of  appropriate  biological  end-points  and  the  evaluation  of  techniques 
to  be  used  in  measuring  changes  in  the  end-points. 
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EFFECT  OF  MICROWAVE  EXPOSURE  ON  CERTAIN  NEUROENDOCRINE 


PARAMETERS  IN  VARIOUS  REGIONS  OF  THE  RAT  BRAIN 

by 

Rex  D.  Stith 

ABSTRACT 

The  central  nervous  system,  especially  its  neuroendocrine  component, 
is  suspected  of  being  one  of  the  physiological  systems  most  sensitive  to 
microwave  exposure.  However,  there  are  many  problems  to  be  solved  in 
order  that  we  might  gain  a better  understanding  of  this  interaction.  The 
possible  roles  of  specific  frequency  effects,  thermal  effects,  thresholds 
for  power  density,  stress  effects,  and  pulsed-wave  (PW)  versus  continuous- 
wave  (CW)  effects  are  all  problems  requiring  better  understanding. 

Rats  were  exposed  to  1.2-GHz  CW  microwave  radiation  at  power  densities 
of  0,  5,  and  15  mW/cm2.  Upon  sacrifice,  brains  were  dissected  into  6 
major  regions.  In  addition,  blood  samples  were  obtained.  All  tissue 
samples  were  frozen  in  liquid  N2  and  stored  at  -30°C.  A total  of  80  rats 
were  utilized. 

Tissues  are  being  kept  until  service  laboratories  are  able  to  provide 
requested  assays.  Therefore,  no  data  have  been  obtained.  However,  the 
assays  will  be  performed,  and  much  information  will  be  forthcoming. 
Parameters  to  be  measured  are  norepinephrine  and  dopamine,  cyclic  adenosine 
monophosphate,  and  tyrosine  hydroxylase. 


I.  INTRODUCTION 


On  the  basis  of  recorded  disturbances  of  brain  bioelectrics  phenomena, 
behavioral  studies,  morphologic  data,  and  biochemical  assays  of  neurotrans- 
mitters, brain  enzymes,  and  hormones,  there  remains  little  doubt  that  micro- 
wave  irradiation  can  affect  normal  brain  functioning.  The  severity  and 
reversibility  of  such  alterations  depend  in  large  part  on  the  radiation 
intensity,  frequency,  and  duration  of  exposure.  Present  U.S.  exposure 
standards  are  based  on  the  concept  that  most  deleterious  effects  of  micro- 
wave  radiation  occur  above  an  intensity  of  10  mW/cm2.  In  principle,  expo- 
sures at  power  densities  below  10  mW/cm2  do  not  lead  to  body  rectal  tempera- 
ture increases  exceeding  the  compensatory  capabilities  of  mammalian  thermo- 
regulatory mechanisms;  within  the  range  of  5-10  mW/cm2  insignificant 
temperature  increases  are  observed.  No  measurable  temperature  increases 
occur  in  normal  conditions  during  exposures  at  power  densities  below 
5 mW/cm2;  1 mW/cm^  may  be  considered  the  "athermal"  exposure  level,  even 
at  higher  ambient  temperature  and  air  humidity.  Most  U.S.  scientists  have 
supported  the  view  that  above  10  mW/cm2,  alterations  in  the  physiology  of 
most  tissues  studied  are  the  result  of  an  increased  thermal  load,  either 
local  or  whole  body. 

However,  many  studies  reported  by  scientists  in  Eastern  European 
countries,  and  an  increasing  number  in  Western  countries  including  the 
U.S.,  purport  to  demonstrate  alterations  within  the  central  nervous  system 
upon  exposure  to  power  densities  below  10  mW/cm^  and  even  in  the  uW/cm2 
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v.nge.  At  certain  power  densltf rd  in  the  case  of  a certain  relation- 


s'".” . cr tween  the  wa/elength  ana  "e  :ec~etry  of  the  heei  f-'tal  lesions 
Cau.  by  loci  temcerature  ' k.  :a  .-a  vay  'ccj-  "ut-he  ' c ?,  very  (*. 
is  \r  r.-rt  about  porsicle  electromagnetic  ejects  cn  b*  ' . j\cal  systems 
expcsed  to  "atherma'"  densities.  Irr  certair  b-ain  returns,  microwave 
absorption  anc  temperature  effects  r& y be  ft  tc  6 i/ines  rghar  tear  tie 
lean  temperature  increase.  It  is  reg-xettab’e  that  no  systematic,  controlled 
investigations  on  a well-known  chain  of  biochemlri"!  events  in  mic'cwave- 
i ■nr  a bio  tea  - pcna  • ~ ere  to  be  ~o  jra  the  1 iter  ecu. 'a. 

P-e  sides  fh-:  question  o.  thermal  versus  ncntcatmal  effects,  etc « rents 
shc^a  be  designed  which  will  investigate  differences  *r-  Pd  anc  I i i*r,idia- 
t’on  the  roie  rf  the  animal’s  stress  '•espons.e  in  central  u-cvot'S  system 
alterations,  ...na  the  time  course  of  onset,  ca.ra-<"  on , and  •eversibi  1 ? ty  of 
the  effects  of  microwave  exposure.  Jn  ad  J1-' ion,  ca  u mus  oe  taker  ii 
extrapolating  results  to  conditions  and  effects  in  m*r . ‘a  have  chose. i tc 
expose  rats  to  a microwave  frequency  • .ft  wi  1 a’low  cerhav  «•<+?  ai olati:-* 
tc  ..!?'•  oe  made,  based  upon  sreci  '1*  .lcsorph.  on  '“ate  ar-  to  or,e  that  . 
envii-cnmertally  pertinent.  Microwaves  of  'i.2  Grz  are  employed  in  tele- 
vision, citizen  band  radios,  micro  waive  ovens,  and  military  anc  meteorologi- 
c:.T  radars. 

It  is  widely  ag-'eed  that  exposure  tr  : p»: thermogenic  i atensitte?  of 
rfc-owuve::  nr.y  result  in  subtle,  discreet  changes  in  she  ncurcer  ■ -ne 
status  r i”  -"ecteu  animal,  fy  nneacur'-g  sevara'  oar; net .vs  w '-"  a 
•»e ! 1 -known  otochemical  schema,  we  nope  to  assets  tu.  physic'iogica.  .neuro- 
endocrine) ef  :=cts  of  microwave  exposure. 
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II.  OBJECT! Vc/BAS  IS 


The  overall  abjective  of  this  project  is  to  learn  the  techniques  end 
theory  of  radio-'Yeguency  radiation  (RFR.)  research  by  conducting  exoer;ments 
on  the  bice^fects  of  RFR  on  rodents  under  specified  and  controlled  condi- 
tions. Tne  project  involves  investigating  the  effects  cf  nonzhermogeric 
(5  mW/cm^',  and  tnermogenic  (15  mW,  cm?)  exposures  az  1.2-GHz  RFR  or,  certain 
neuroendocrine  parameters  of  the  rat. 

This  project  is  based  on  the  hyoothesis  that  acute  vnole  body  exposure 
of  rats  to  1.2-CHz  CW  microwave  raciation  w'll  result  '•  uuanzifiable 
alterations  in  the  neuroendocrine  status  of  the  brain. 

III.  BODY  OF  REPORT 

A.  Materials  and  Methods 

Sprague-Dawley  rats,  ! 50-225  g,  were  used  throrgheue  the  study. 
They  were  maintained  in  a vivarium  or.  water  and  commercial  chow  -d  Tibi  turn . 

All  exposures  were  made  in  an  anechoic  chamber  in  wrioh  tempera- 
ture and  humidity  were  controlled.  Each  rat  was  restrained  in  a c 1 e a' 
plastic  box  and  positioned  in  f"ont  of  cne  ho^r  so  that  the  long  axis  of 
the  body  was  parallel  to  the  electric  field.  Radiation  was  produced  oy  a 
Cober  Model  1831  microwave  generator  and  transmitted  to  an  American 
Electronics  Laboratory  Model  h'5001  hern  by  a flexible  cable.  Power 
density  measurements  were  made  with  a National  Bureau  of  Standards  EDM-1B 
probe. 

Radiation  was  delivered  as  a continuous  wave  at  1.2  GHz  with 
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power  densities  of  5 and  15  mW/cm^. 


Rats  utilized  in  the  first  series  of  experiments  served  as 
controls.  In  experiment  IA,  10  rats  were  individually  restrained  in  a 
clear  plastic  box  outside  of  the  chamber  for  10  minutes  (pre-exposure 
period),  their  rectal  temperatures  recorded,  and  then  sacrificed.  In 
experiment  IB,  10  rats  were  taken  from  their  cages  and  immediately  sacri- 
ficed. Experiment  IC  involved  placing  rats  in  a restraining  box  for  the 
pre-exposure  period  as  before  and  then  placing  them  in  the  exposure  chamber 
for  30  minutes  (exposure  period)  with  no  radiation  emitted.  They  were 
sacrificed  at  the  end  of  the  exposure  period.  The  next  group  (ID)  was 
restrained  and  subjected  to  pre-exposure  and  exposure  periods  in  addition 
to  a 10-minute  postexposure  period.  This  group  was  sacrificed  after  the 
10-minute  postexposure  period. 

Experiment  II  involved  a similar  protocol  except  that  rats  were 
exposed  to  a power  density  of  5 mW/cm^.  A group  of  10  rats  was  sacrificed 
after  the  exposure  period,  and  a group  of  10  was  sacrificed  after  the  post- 
exposure period. 

Experiment  III  was  conducted  like  experiment  II  except  that  rats 
were  exposed  to  a power  density  of  15  mW/cm^. 

At  the  indicated  times,  rats  were  sacrificed  by  guillotine  or  by 
exposure  of  the  head  to  a power  of  6 kW  for  300  msec.  Tissues  from  those 
guillotined  were  assayed  for  tyrosine  hydroxylase.  Tissues  from  those 
sacrificed  by  high-power  microwave  exposure  were  assayed  for  norepinephrine, 
dopamine,  and  cyclic  AMP.  Blood  samples  were  also  collected  and  assayed 
for  growth  hormone  and  thyroid-stimulating  hormone. 

35-6 

- -i 


Brains  were  dissected  into  cortex,  cerebellum,  midbrain,  hippo- 
campus, hypothalamus,  and  brain  stem.  All  tissues  were  stored  at  -30°C 
until  assay. 

B.  Results 

The  results  are  not  yet  compiled.  Assays  of  materials  are  still 
taking  place. 

cAMP  is  being  assayed  by  the  Wilford  Hall  USAF  Medical  Center  lab. 

Norepinephrine  and  dopamine  are  being  assayed  in  the  laboratory 
of  Mr.  Jim  Merritt,  Radiation  Sciences  Division,  USAF  School  of  Aerospace 
Medicine,  Brooks  AFB. 

Blood  hormones  are  being  assayed  by  the  Internal  Medicine 
Division,  USAF  School  of  Aerospace  Medicine,  Brooks  AFB. 

Our  laboratory  is  in  the  process  of  assaying  for  tyrosine 
hydroxylase. 

Upon  completion  of  all  assays,  data  will  be  expressed  as  mg  per 
mg  protein.  Means  and  standard  errors  will  be  calculated  and  statistically 
analyzed. 

The  data  will  be  incorporated  into  a technical  report  and/or  a 
journal  publication  as  their  significance  merits. 
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APPLIED  BEHAVORIAL  ANALYSIS  IN  FLYING  TRAINING  RESEARCH 


by 

Jon  S.  Bailey 


ABSTRACT 


Research  developments  in  learning  theory  over  the  past  fifty  years  have 
led  to  principles  of  behavior  which  have  been  shown  in  innumerable  applied 
settings  to  be  valuable  in  analyzing  and  modifying  human  behavior.  When 
applied  to  flying  training  using  simulators,  these  principles  suggest  that  a 
significant  contribution  could  be  made  in  improving  the  way  in  which 
Instructor  Pilots  teach  new  students  via  more  effective  use  of  simulator 
functions.  In  addition,  flying  skills  could  probably  be  acquired  more 
readily  if  tasks  were  presented  in  a more  systematic  manner  taking  the 
principles  of  learning  into  account. 


When  the  simulator  is  conceptualized  as  merely  an  inferior  copy  of  an 
aircraft,  its  potential  as  a teaching  device  (perhaps  superior  to  the  actual 
plane,  in  this  regard)  is  likely  to  be  overlooked.  Thus,  a behaviorial 
analysis  of  optimal  conditions  of  learning  would  make  a major  contribution  to 
both  the  design  and  use  of  current  and  future  flight  simulators. 


In  this  paper  an  attempt  is  made  to  elucidate  the  basic  principles  of 
behavior  and  to  relate  them  to  the  task  of  improving  flying  training.  A 
pilot  study  demonstrating  how  the  segmenting  and  backward  chaining  of  a dive 
bombing  task  can  lead  to  improved  learning  is  presented  as  a possible  model 
for  this  type  of  research. 
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LIST  OF  FIGURES 


Figure  1.  Illustration  of  segmented  backward  chaining  of  30°  dive  bomb 
task. 

Figure  2.  Circular  error  for  30°  dive  bomb  task  for  subject  #1  showing 

scores  for  the  pretest,  backward  chaining  trials  and  post  test. 

Figure  3.  Circular  error  for  30°  dive  bomb  task  for  subject  #3  showing 

scores  for  the  pretest,  backward  chaining  trials  and  post  test. 

Figure  4.  Circular  error  for  30°  dive  bomb  task  for  subject  #4  showing 

scores  for  the  pretest,  backward  chaining  trials  and  post  test. 

Figure  5.  Circular  error  for  30°  dive  bomb  task  for  subject  #5  showing 

scores  fsor  fhe  pretest,  backward  chaining  trials  and  post  test. 
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INTRODUCTION 


Psychology  has  emerged  in  the  last  few  decades  as  science  of  human 
behavior  with  not  only  a well  founded  theoretical  base  (Skinner,  1953,  1969) 
but  also  a reliable  technology  (Ayllon  & Azrin,  1968;  Bandura,  1969;  Risley, 
1970)  capable  of  making  significant  contributions  to  the  culture.  This 
technology  of  behavior  change  appears  well  suited  to  applied  problems  such  as 
flying  training  since  it  is  predicated  on  an  analysis  of  behavior  which 
considers  learning  to  be  a significant  factor.  A cohesive  theory  or  model  of 
learning  in  flying  training  and  a technology  capable  of  improving  the 
acquisition  of  flying  skills  would  appear  to  be  a natural  outcome  as 
sophisticated  behavioral  techniques  are  applied  to  an  important  applied 
problem.  When  the  acquisition  of  flying  skills  occurs  largely  at  15,000  ft 
the  process  may  be  difficult  to  observe  and  therefore  analyze;  but,  the 
advent  of  flight  simulators  where  not  only  can  conditions  of  learning  be 
observed  but  also  manipulated  directly,  now  permits  experimental  research  on 
the  learning  process  to  take  place.  This  merging  of  behavioral  psychology 
and  problems  of  flying  training  represents  an  exciting  new  area  of  applied 
research  which  should  reap  benefits  in  both  areas. 

Applied  Behavior  Analysis 

One  fairly  recent  spinoff  of  fifty  years  of  research  in  learning  theory 
has  been  a field  of  psychology  in  which  basic  principles  of  behavior  derived 
from  the  laboratory  are  applied  to  problems  of  human  behavior  (Baer,  Wolf  & 
Risley,  1968;  Kazdin,  1978).  Termed  Applied  Behavior  Analysis,  this  field 
has  made  significant  contributions  to  rehabi 1 itation,  mental  retardation, 
clinical  psychology,  delinquency,  community  psychology,  and  a variety  of 
related  human  services  specialities  (Kazdin,  1975).  The  contributions  have 
been  made  possible  by  advances  in  conceptual  and  methodological  spheres  and 
have  allowed  for  the  emergence  of  a technology  of  behavior  change  (often 
referred  to  as  behavior  modification)  which  promotes  improvements  in  human 
learning  through  an  analysis  of  the  contingencies  surrounding  a person's 
actions  (Skinner,  1953;  1968;  1969).  Deficits  in  behavior  are  often  found  to 
be  due  to  inadequate  antecedents  to  prompt  behavior,  lack  of  reinforcement 
for  behavior  which  does  occur  or  for  a variety  of  interrelated  reasons 
traceable  to  an  enviornment  incapable  of  supporting  the  desired  behavior 
(Bailey,  in  press;  Martin  & Pear,  1978).  While  the  most  obvious  examples  of 
the  contribution  of  applied  behavior  analysis  may  be  seen  in  clinically 
related  fields,  advances  in  the  analysis  of  the  educational  process  have  also 
been  made  (Keller,  1968;  Miller  & Weaver,  1976;  Skinner,  1968;).  Here,  the 
approach  has  brought  the  principles  of  behavior  to  bear  on  the  problems  of 
understanding  what  is  necessary  to  establish  and  maintain  new  repertoires. 
(This  approach  has  much  in  common  with  concurrent  developments  in 
instructional  technology  but  appears  to  have  evolved  independently.)  With 
the  precedent  set  for  the  applicability  of  behavior  analysis  to  so  many 
varied  educational  areas  (ranging  from  pre-schools  to  elementary  classrooms 
to  college  instruction)  the  extension  to  an  analysis  of  flying  training  seems 
predictable. 
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Basic  Principles  of  Behavior 

The  basic  principles  of  behavior  presented  here  represent  the  results  of 
years  of  basic  and  applied  research.  (The  interested  reader  is  referred  to 
the  Journal  of  the  Experimental  Analysis  of  Behavior  and  the  Journal  of 
Applied  Behavior  Analysis  for  primary  sources  of  this  research.)  As 
mentioned  earlier,  most  of  the  applied  work  has  been  carried  out  in  health  or 
education  related  areas  (e.g.  Bostow  & Bailey,  1969;  Iwata,  Bailey,  Brown, 
Foshee  & Alpern,  1976;  Johnson  & Bailey.  1974)  and  little  direct  work  in 
military  training  is  available  for  citation.  For  purposes  of  exposition,  an 
attempt  will  be  made  to  relate  each  of  the  basic  principles  to  the  topic  of 
flying  training. 

I.  Reinforcement 

Perhaps  the  most  widely  recognized  principle  in  the  behavioral  framework 
is  that  of  reinforcement.  This  principle  stresses  the  importance  of  the 
consequences  of  behavior,  in  particular  positive  consequences  which  follow 
(i.e.  are  contingent  upon)  a certain  action  or  response  and  which  strengthen 
or  make  the  behavior  more  likely.  In  flying  training  such  consequences  are 
already  well  institutional ized  and  may  be  seen  in  the  form  of  grades  on 
exams,  verbal  feedback  from  an  Instructor  Pilot  (IP)  on  flying  proficiency 
or,  ultimately,  promotion  for  superior  performance.  The  purpose  of  a good 
O.E.R.  is  to  strengthen  the  behavior  leading  up  to  it.  (The  function  of  a 
negative  evaluation  as  a punisher  will  be  described  in  the  next  section.) 
There  is  little  doubt  that  learning  of  almost  any  kind  can  be  improved 
through  the  increased  use  of  reinforcement  for  desirable  behavior. 

Two  clear  cases  in  flying  training  appear  relevant  here.  Since  so  much 
of  the  instruction  of  the  undergraduate  pilot  is  carried  out  in  a one-to-one 
setting  with  the  IP,  the  opportunity  for  increased  reinforcement  for  correct 
behavior  in  the  form  of  social  approval  is  obvious.  Informal  observations  of 
IP  - student  interactions  reveal  a dearth  of  positive  feedback.  Most  of  the 
interactions  are  either  instructional  or  negative  in  nature.  While  the 
research  has  not  been  carried  out  with  this  subject  population  (8roden, 

Bruce,  Mitchell,  Carter  & Hall,  1970;  Copeland,  Brown  & Hall,  1974;  Hall, 

Lund  & Jackson,  1968)  the  implications  seem  obvious:  Increased  uses  of 
approval  statements  of  a positive  (e.g.  "Hey,  that's  great",  "Very  nice 
maneuver",  "Nicely  executed")  are  bound  to  not  only  improve  learning  but  also 
morale.  Since  most  IPs  appear  disinclined  naturally  to  be  a wellspring  of 
positive  feedback,  training  to  improve  this  form  of  communication  with 
students  may  need  to  be  added  to  Pilot  Instructor  Training. 

A second  example  of  the  use  of  reinforcement  can  be  seen  in  the  way  that 
simulators  are  used  in  teaching.  An  experienced  pilot  can  readily  tell  from 
his  instruments  and  his  view  from  the  cockpit  when  he  has  completed  a 
maneuver  successfully,  much  like  an  experienced  pianist  can  tell  when  a piece 
has  been  played  well.  For  the  novice,  such  automatic  feedback  is  absent  and 
for  rapid  learning  to  take  place  it  needs  to  be  supplemented  in  the  early 
stages  of  learning.  The  addition  of  counters,  tones,  or  other  stimuli  which 
could  be  used  to  confirm  correct  performance  could  easily  be  added  to  the 
simulated  cockpit.  With  the  development  of  automated  performance  measurement 
(Waag,  Eddowes,  Fuller  & Fuller,  1975)  the  feasibility  of  having  the  computer 
continuously  monitor  and  score  a student's  flying  skill  seems  apparent. 
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II.  Punishment 


Any  time  a consequence  is  designed  to  follow  a given  bit  of  behavior  such 
that  the  strength  or  probability  of  the  behavior  occurring  in  the  future  is 
reduced,  the  process  is  referred  to  as  punishment.  Since  there  may  well  be 
numerous  side  effects  (Azrin  & Holz,  1966)  of  using  punishment  (e.g.  anxiety 
and  fear  may  increase,  student  may  associate  learning  of  the  task  with 
aversiveness,  student  may  learn  to  avoid  the  source  of  the  punisher)  the  use 
of  this  procedure  is  not  commonly  recommended  in  educational  settings 
(Skinner,  1968).  However,  in  flying  training,  the  student  may  need  to  be 
made  very  aware  of  the  natural  punisher  for  poor  attention  to  the  details  of 
flying,  viz,  crashing.  Thus,  most  simulators  are  designed  to  provide  this 
feedback  to  students.  To  be  most  effective  they  could  probably  be  designed 
to  give  negative  feedback  early  enough  to  allow  the  student  to  correct  his 
error.  A "freeze"  function  currently  exists  on  the  simulators  used  in 
Instrument  Flight  Simulators.  In  one  sense,  this  function  resembles  the  use 
of  "Time-out  from  positive  reinforcement"  (usually  referred  to  simply  as 
T.O.)  in  the  clinical  literature  (Bostow  & Bailey,  1969).  If  flying  the 
simulator  is  a reinforcing  activity,  then  being  in  T.O.  for  a short  time  upon 
erring  in  a flying  task  may  well  be  an  effective  punisher  that  could  be  used 
more  widely.  (Note:  This  author  could  find  no  published  reports  on  the 
effects  of  the  freeze  function  in  flying  training,  thus  this  analysis  should 
be  considered  tentative  until  such  applied  research  has  been  carried  out.) 

In  advanced  instruction,  such  as  in  air-to-air  or  air-to-ground  combat, 
it  may  be  worthwhile  to  add  feedback  of  a more  realistic,  but  no  doubt 
aversive  nature.  Failure  to  "check  six"  could  be  programmed  to  result  in  a 
malfunction  that  would  simulate  the  plane's  being  hit  with  enemy  fire,  for 
example. 

III.  Shaping  and  Chaining 

Most  good  instructors  know  that  to  keep  their  students  interested, 
challenged,  and  involved  in  the  task  at  hand  they  need  to  continually  raise 
the  criterion  for  a good  performance.  In  behavior  theory  this  is  known  as 
"shaping"  (Kazdin,  1975)  and  as  with  the  latter  two  principles,  examples  for 
useage  with  IPs  and  in  adaptive  simulators  may  be  easily  seen.  Expectinq  an 
undergraduate  pilot  to  complete  an  instrument  approach  correctly  on  the  first 
try  may  well  be  setting  the  standard  too  high.  In  reinforcing  approximations 
to  the  final  performance,  the  good  IP  will  no  doubt  have  his  student  reach 
the  final  criterion  more  quickly.  As  the  student  progresses,  the  criterion 
can  be  raised  so  that  only  better  and  better  performance  rate  an  approval. 

Simulators  could  be  computer  programmed  so  as  to  present  tasks  to 
students  so  they  would  gradually  take  on  more  and  more  of  the  functions.  In 
taking  off,  for  example,  the  student  might  initially  only  have  to  control  the 
throttle,  on  successive  takeoffs  he  would  be  required  to  manipulate  the  stick 
to  control  the  attitude.  Later,  the  student  would  also  be  required  to  adjust 
the  trim  of  the  elevators,  retract  the  flaps,  and  so  on.  When  a perfect 
takeoff  could  be  executed  the  student  would  be  required  to  cope  with 
gradually  more  difficult  crosswinds  and  various  emergency  conditions. 
Programming  a simulator  to  require  increasingly  more  behavior  does  not  seem 
at  all  infeasible  and  would  probably  greatly  reduce  the  time  required  to 
master  many  skills. 


Many  behaviors  in  flying  consist  of  sequences  of  responses,  where  early 
responses  must  occur  in  a certain  order  (e.g.  the  overhead  pattern)  so  that 
the  final  outcome  (i.e.  a safe  landing)  can  be  achieved.  Analyzed 
behaviorally,  we  can  see  that  only  the  last  member  of  a chain  is  actually 
reinforced.  This  means  that  early  members  of  the  chain  will  usually  not  be 
learned  very  readily  and  their  slow  acquisition  may  well  retard  the 
development  of  the  rest  of  the  chain  of  behavior.  The  most  direct  solution, 
which  is  readily  arranged  in  a simulator,  is  to  have  the  task  designed  so 
that  only  the  last  member  of  the  chain  must  be  carried  out  to  achieve  the 
reinforcer.  As  shown  in  Figure  1 with  the  30°  dive  bomb  task,  a pilot  can 
first  be  positioned  so  as  to  fly  the  final.  When  this  is  mastered,  the 
roll-in  is  added  and  so  on  until  the  whole  task  is  completed. 


Figure  1 about  here 


IV.  Prompting  and  Fading 

In  the  initial  stages  of  learning,  new  behaviors  are  weak  and  may  not 
readily  occur  when  they  should.  At  these  times  it  may  be  advisable  to  add 
stimuli  to  help  initiate  a response  --  such  events  are  called  prompts  (e.g. 
Van  Houten  & Sullivan,  1975).  As  a general  rule,  once  a behavior  begins  to 
occur  regularly  when  the  prompt  is  given,  the  prompt  will  be  faded.  This  use 
of  extra  stimuli  to  cue  behavior  and  then  gradually  withdrawing  it  so  that 
the  behavior  can  stand  alone  under  naturally  occurring  environmental  stimuli 
seems  readily  applicable  to  flying  training.  In  the  overhead  pattern  the 
student  must  know  when  to  put  the  speed  brakes  down,  when  to  extend  the 
landing  gear  and  when  to  lower  the  flaps.  A simulator  could  easily  be 
adapted  to  cue  these  responses  at  the  proper  time  and  when  they  were 
occurring  appropriately  the  cues  could  be  faded.  Similar  useage  of  prompting 
and  fading  of  cues  could  be  combined  with  shaping  (as  in  training  the 
takeoff)  to  provide  a powerful  combination  of  behavioral  techniques  to 
guarantee  the  rapid  acquisition  of  complex  tasks. 

V.  Discrimination  and  Stimulus  Control 


It  is  most  desirable  for  pilots  to  constantly  respond  to  their 
environment  so  that  they  can  make  the  necessary  adjustments  to  keep  their 
plane  safely  aloft.  When  a pilot  responds  appropriately  to  changes  in  the 
environment  he  is  said  to  be  under  stimulus  control  and  this  form  of 
responding  is  clearly  a goal  of  flying  training.  The  student  pilot  must 
learn  to  discriminate  the  various  wind  conditions  he  will  confront  and 
develop  appropriate  responses  to  them,  for  example,  stimulus  control  is 
gained  as  the  student  has  repeated  exposure  to  instances  of  the  stimuli 
involved  and  these  are  readily  programmed  in  a simulator.  Learning  to  cope 
with  an  engine  failure  is  safely  acheived  in  a simulator  and  clearly  the  more 
instances  the  student  has  in  which  to  detect  this  malfunction  the  more 
readily  he  will  be  able  to  respond  in  an  emergency.  Students  also  need  to 
detect  changes  in  wind  direction  and  visibility  and  to  take  the  necessary 
action.  Both  conditions  can  be  programmed  in  a simulator  and  very  fine 
discriminations  in  both  could  be  taught  using  systematic  stimulus 
presentation  techniques. 
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Stimulus  control  is  also  important  in  advanced  training  when  a pilot  must 
spot  a target  quickly  and  respond  appropriately.  Repeatedly  confronting  the 
pilot  with  a variety  of  targets  and  gradually  requiring  shorter  and  shorter 
reaction  times  could  improve  the  acquisition  of  complex  maneuvers  such  as  the 
pop-up  which  is  employed  in  air-to-ground  combat.  Arranging  for  simulations 
of  enemy  aircraft  to  occasionally  appear  while  pilots  are  flying  formation 
should  also  aide  in  the  development  of  good  visual  discrimination. 

VI.  Generalization 


Once  a behavior  has  been  strengthened  in  one  environment  there  is  a 
likelihood  that  it  will  occur  in  similar  environments;  the  more  similar  the 
environment  the  more  likely  the  behavior  is  to  occur.  It  is,  of  course,  this 
form  of  stimulus  generalization  that  has  motivated  engineers  to  make  the 
simulator  as  much  like  the  plane  as  possible.  It  is  important  to  note  that 
in  human  factors  work,  when  the  goal  of  stimulus  generalization  is  sought, 
effects  of  increased  similarity  between  the  simulator  and  the  aircraft  must 
be  measured  by  looking  at  changes  in  behavior  and  the  costs  of  increased 
fidelity  must  be  weighed  against  the  benefits.  Adding  motion,  for  example, 
to  a simulator  with  a wraparound  visual  field  may  not  actually  enhance 
performance  in  the  target  aircraft  (Martin  & Waag,  1978)  and  furthermore  the 
sophisticated  hydraulic  systems  necessary  for  motion  are  extremely  costly. 
Research  to  discover  how  much  visual  field  may  be  required  to  allow  a 
simulator  to  be  used  in  certain  maneuvers,  such  as  carrier  landings,  (Perry, 
1978)  also  demonstrates  the  importance  of  stimulus  generalization  in  flying 
training. 

When  a response  is  strengthened  and  this  then  increases  the  probability 
of  similar  responses  occurring,  response  generalization  has  been  said  to  have 
taken  place.  Learning  a certain  sequence  of  behaviors  verbally  (e.g.  takeoff 
procedures)  should  lead  to  them  actually  being  performed  at  a later  time. 
Practicing  visual-motor  tracking  tasks  could  well  improve  ones  ability  to 
make  the  fine  adjustments  in  the  stick  necessary  to  maintain  proper 
attitude.  Indeed,  rehearsing  a certain  maneuver  to  ones  self  (Prather,  1973) 
may  well  improve  performance  of  critical  flying  skills. 

Flying  Training  and  Simulators 

Learning  to  fly  an  aircraft  is  unique  in  that  inadequate  preparation  for 
the  task  can  lead  to  more  than  a failing  grade.  It  is  perhaps  the  literal 
life  or  death  nature  of  the  consequences  that  has  led,  and  rightly  so,  to 
conservative  strategies  for  training.  Rather  than  risk  less  than  perfect 
transfer  of  training,  the  aircraft  itself  has  been  preferred  over  the  use  of 
modern  day  simulators  for  teaching  flying  skills.  However,  economic 
contingencies  and  fuel  shortages  have  become  translated  into  a guideline  from 
the  Office  of  Management  and  Budget  to  reduce  flying  hours  by  25%  by  1981 
(Committee  on  the  Armed  Services,  1976).  Presumably  the  only  reasonable  way 
to  meet  this  goal  and  still  maintain  high  standards  of  safety  is  by  employing 
simulators  wherever  possible  in  the  training  process.  Simulators  have  come  a 
long  way  since  the  pioneering  work  of  Ed  Link  on  his  "Pilot  maker"  in  1929. 
The  development  of  the  full-mission  simulator  capable,  potentially,  of  almost 
exactly  duplicating  every  feature  of  an  operational  aircraft  has  been  recent 
indeed  (Hagin  & Smith,  1974).  While  engineering  technology  and  computer 
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science  have  made  great  strides  in  providing  for  fidelity  of  visual  (Nass, 
Seats,  & Albery,  1975),  motion  (Kron,  1975),  and  handling  character istics 
(Kron,  1975),  few  advances  in  exploring  the  use  of  a modern  day  simulator  as 
an  ideal  teaching  device  have  been  made  (Caro,  1977a).  In  the  hands  of  an 
experienced  pilot  there  is  a natural  tendency  to  use  a simulator  much  like 
the  aircraft  would  be  used,  thus  overlooking  the  fact  that  the  aircraft 
itself  is  certainly  a less  than  perfect  setting  for  maximizing  the 
acquisition  of  skills  required  to  fly  a plane.  Safety  requires  the  IP  to  put 
proper  maneuvering  above  analyzing  the  instructional  process  and  the  stress 
involved  in  correcting  student  errors  may  result  in  less  than  optimal  forms 
of  feedback.  Since  the  cockpit  is  operational  and  the  instruments  require 
constant  monitoring  to  maintain  proper  attitude,  the  student  may  be  easily 
overloaded  with  information  in  the  early  stages  on  instruction  and  be  unable 
to  process  it  systematically  as  would  be  desirable.  No  opportunity  to 
practice  a particular  part  of  a maneuver  in  the  aircraft  is  feasible  even 
though  it  would  perhaps  be  most  desirable  from  a learning  point  of  view. 

The  Design  of  Simulators 

Historically,  engineers  and  pilots  have  been  principally  responsible  for 
the  design  of  simulators  and  it  should  come  as  no  surprise  that  fidelity  to 
imitating  the  aircraft  has  been  the  primary  goal  of  the  development  effort 
(Caro,  1977b).  Any  notion  that  psychological  fidelity  is  the  real  goal  has 
been  ignored  and  the  proposition  that  simulators  should  be  designed  primari ly 
as  training  devices  is  virtually  unheard  of  in  simulator  design  circles 
(Caro,  1977b). 

Current  advanced  simulators  are  equipped  with  certain  training  "features" 
that  are  presumed  to  facilitate  the  acquisition  of  flying  skills  (Isley  & 
Miller,  1976).  In  some  cases  the  features  are  simple  hardware  applications 
(programmed  malfunctions,  hard  copy  printout),  in  others  these  features 
merely  mimic  what  an  instructor  might  do  (automatic  briefing,  checkride  and 
demonstration).  Only  a few  of  the  features  would  appear  to  approach  the 
potential  of  a sophisticated  training  simulator  (performance  oriented  guided 
practice,  performance  record/playback  and  adaptive  training)  and  in  no  case 
have  the  features  been  adequately  evaluated  (Isley  & Miller,  1976).  Even 
their  limited  usage  is  based  upon  an  unvalidated  model  of  behavior  change. 
This  practice  of  designing  simulator  "training"  features  on  the  model  of  the 
instructor  has,  no  doubt,  severely  retarded  the  development  of  a model  of 
flying  training.  An  alternative  model  would  emphasize  the  skills  to  be 
acquired  and  suggest  more  effective  ways  of  training  based  upon  a task 
analysis.  From  this  model  should  flow  implications  for  true  training 
features  and  procedures  and  research  to  evaluate  them  prior  to  their 
incorporation  in  the  training  syllabus  or  installation  in  future  training 
simulators. 

The  lack  of  appreciation  for  the  role  of  the  simulator  as  a teaching 
device  is  understandable  in  light  of  the  relatively  recent  emergence  of  a 
behaviorally-based  technology  of  teaching  and  the  fact  that  psychologists 
specializing  in  the  learning  process  have  not  been  involved  in  the  design 
phase  of  simulator  development.  This  oversight,  upon  investigation,  is 
directly  traceable  to  the  conspicuous  absence  of  any  substantial  body  of 
knowledge  demonstrating  how  the  principles  of  learning  can  be  used  to  improve 
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simulator  deployment.  How  the  significant  body  of  relevant  research  in 
applied  behavior  analysis  could  have  escaped  the  attention  of  those  involved 
in  simulator  research  is  difficult  to  explain.  The  need  for  correction  of 
this  glaring  deficit  is  greater  than  can  be  met  in  one  paper  but  a start 
needs  to  be  made. 

Behavioral/Task  Analysis  of  Flying  Training:  A New  Model  for  Simulator  Design 

Any  task  which  can  be  readily  observed  can  be  analyzed  behavioral ly. 

Flying  a sophisticated  jet  aircraft,  although  admittedly  a difficult  task,  is 
not  different  in  principle  from  carrying  out  any  other  complex  sequence  of 
behaviors.  Viewed  in  the  abstract,  it  may  be  seen  as  a set  of  rapid, 
continuous,  fine-motor  responses  to  a multiplicity  of  visual  and 
propriocepti ve  cues  from  both  inside  and  outside  the  aircraft.  What  makes 
the  task  unusual  is  that  decisions  and  responses  must  be  made  so  rapidly  and 
flawlessly  since  either  a delayed  response  or  an  incorrect  judgment  could  be 
fatal.  It  is  this  latter  element,  no  doubt,  that  puts  such  stress  on  the 
pilot  and  which  probably  makes  acquisition  of  the  motor  skills  in  the 
aircraft  itself  so  labile. 

A behavorial  analysis  of  flying,  then,  would  begin  with  a micro  analysis 
of  the  tasks  to  be  acquired  (Meyer,  Laveson,  Weissman  & Eddowes,  1974)  and 
would  then  proceed  to  determine  how  each  task  could  be  simplified  for  purpose 
of  instruction.  This  general  approach  is  already  used  in  so-called  "part 
task"  trainers,  such  as  the  T-4,  where  students  learn  to  respond  to  the 
instrument  panel  before  they  spend  any  time  in  the  actual  aircraft.  The  Air 
Force  has  also  recognized  the  contribution  of  cognitive  pre-training  in 
facilitating  the  acquisition  of  flying  skills  (Smith,  Waters  & Edwards,  1975) 
which  is  clearly  a method  of  simplifying  a task  by  presenting  certain  of  the 
materials  in  a different  format  and  in  a different  point  in  time  from  the 
rest  of  the  task.  With  simplification  of  the  task  as  the  goal  for  any 
behavioral  analysis  one  may  begin  to  ask  how  can  a task  be  broken  down? 

Component  Analysis 

One  way  of  analyzing  a complex  task  is  to  look  at  the  components  which 
make  up  the  whole  task  and  to  determine  how  they  can  be  taught  more 
efficiently  (Meyer,  et  a2,  1974).  Landing  a plane,  for  example,  requires 
that  the  student  be  able  to  fly  straight-and-level , do  steep  turns,  fly  a 
gradual  descent,  all  the  while  keeping  the  airspeed  properly  adjusted, 
correcting  for  crosswinds  and  so  on.  (In  the  operational  aircraft  these 
behaviors  must  be  performed  concurrently,  whereas  in  the  simulator  they  could 
theoretically  be  presented  as  separate  tasks  and  then  later  be  required  as 
more  and  more  complex  concurrent  operants.) 

Chain  or  sequence  analysis 

Another  way  of  analyzing  a flying  task  is  to  view  it  as  a chain  of 
behavior.  In  this  conceptualization  the  pilot  must  execute  a sequence  of 
behaviors  in  a certain  order  (the  overhead  pattern  is  also  an  excellent 
example  of  this).  With  long  chains,  acquisition  of  the  task  is  frequently 
difficult  because  the  early  members  or  components  of  the  chain  are  so  far 
removed  from  the  reinforcer.  Such  chains  of  behavior  can  be  simplified,  and 
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therefore  presumably  taught  more  efficiently,  if  they  are  presented  in  a 
backward  sequence.  (A  pilot  experiment  illustrating  this  approach  appears  at 
the  end  of  this  report.) 

Dimenson  of  difficulty  analysis 

Still  another  way  to  analyze  a difficult  task  is  to  determine  the 
dimensions  which  are  responsible  for  making  it  difficult.  Some  skills  may  be 
hard  to  acquire  because  they  require  too  rapid  motor  responses  (time 
dimension).  In  such  cases  a capability  for  performing  a task  (e.g.  strafing 
or  formation  flying)  initially  in  slow  motion  might  allow  the  student  to 
master  the  motor  skills  first  and  then  be  required  to  perform  the  task  at 
faster  and  faster  speeds  until  normal  operational  velocities  are  reached.  (It 
should  be  clear  that  a simulator  is  the  only  feasible  device  for  such 
training  to  take  place  and  that  such  a use  of  the  simulator  represents  a 
potentially  important  feature  which  is  independent  the  fidelity  of  its  motion 
or  visual  system.) 

Size  becomes  an  important  dimension  when  one  considers  tasks  such  as 
bombing  or  strafing  where  a larger  or  more  salient  target  is  easier  to  hit 
initially.  Thus,  the  simulated  visual  scene  could  be  programmed  to  have 
large  targets  readily  discernable  from  the  background.  These  targets  would 
be  used  early  in  a bombing  training  task  and  as  the  student  gained 
proficiency,  the  targets  could  be  automatically  made  smaller  and  more 
difficult  to  spot.  Presumably  a similar  strategy  could  be  used  in 
simplifying  any  task  that  requires  a motor  response  to  some  small  segment  of 
the  visual  environment  (e.g.  aerial  delivery  of  cargo  or  in-flight  refueling). 

Augmented  Feedback 

Still  another  way  to  simplify  a task  for  purposes  of  instruction  is  to 
determine  if  judgmental  aides  might  be  developed  to  improve  performance. 

Such  aides  can  be  used  to  enhance  a feature  of  the  environment,  such  as 
height  and  distance  from  the  runway,  as  with  VASI  that  permits  a more  rapid 
acquisition  of  landing.  A similar  device  for  carrier  landings  (the  so-called 
"meatball")  and  another  aide  for  improving  bombing  (Hughes,  Paulsen,  Brooks, 

& Jones,  in  press)  illustrate  the  notion  of  providing  additional  cues  to 
pilots  to  improve  performance. 

Summary  of  Behavioral/Task  Analysis  Model 

This  brief  introduction  to  the  behavioral/task  analysis  model  should 
serve  as  a clear  contrast  to  the  current  deployment  of  simulators.  Designing 
a simulator  around  a model  of  an  instructor  pilot  who  feels  most  comfortable 
teaching  in  an  actual  plane  is  destined  to  be  replaced  with  a model  based 
upon  an  analysis  of  the  tasks  to  be  taught.  A sophisticated  behavioral /task 
analysis  employing  research  which  shows  how  tasks  can  be  broken  into 
components,  the  components  ordered  sequentially,  and  the  dimensions  of 
difficulty  adjusted  so  that  acquisition  of  a skill  proceeds  smoothly  and 
quickly  seems  in  keeping  with  the  current  state-of-the-art  in  computer 
generated  visual  systems  and  other  recent  engineering  developments. 
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Application  of  the  Model:  A Preview. 

To  illustrate  the  application  of  the  model,  a hypothetical  case  will  be 
given.  Learning  to  land  an  aircraft  is  clearly  one  of  the  most  difficult 
tasks  for  a new  pilot  to  master  (Eddowes  & King,  1975)  and  provides  an 
excellent  example  of  how  the  model  might  be  employed. 

The  overhead  pattern  is  a ready  example  of  a chain  of  behaviors 
consisting  of  the  initial  approach,  downwind  leg,  final  turn,  and  final 
approach  (ATCM  51-4).  Our  model  would  suggest  that  training  on  the  last 
segment  would  be  most  fruitful.  First,  we  would  proceed  to  determine  what 
the  behavioral  components  of  the  final  are  and  would  use  cognitive 
pretraining  where  feasible  to  prepare  the  student  for  each  component.  The 
student  must  be  able  to  adjust  the  speed  brakes,  control  pitch  attitude  and 
adjust  the  throttles,  for  example,  in  the  round  out  phase  of  the  final 
approach.  The  simulator  would  be  programmed  to  require  that  the  student  take 
responsibl ity  for  each  of  these  concurrent  behaviors  in  some  specific  order. 
Similarly,  the  components  of  the  touchdown  and  the  landing  roll  would  be 
presented  to  the  student  in  a graduated  manner.  When  all  of  the  components 
had  been  acquired  the  simulator  would  be  positioned  "on  final"  and  the 
student  required  to  complete  this  portion  of  the  overhead  pattern  to 
criterion.  (The  training  to  this  point  would  be  highly  indi vidualized  in 
terms  of  time  to  criterion,  although  all  students  would  go  through  training 
in  the  same  order.)  This  approach  of  teaching  the  last  part  of  the  overhead 
pattern  first,  not  only  allows  the  student  to  experience  the  immediate 
reinforcement  (a  safe  landing)  but  also  provides  overlearning  of  that  part  of 
the  task  which  is  most  difficult.  When  the  final  can  be  executed  to 
criterion,  the  final  turn  would  be  added  to  the  chain.  Here  again,  the 
components  of  this  segment  would  be  presented,  via  preprogrammed  exercises  in 
the  simulator  until  the  student  could  execute  all  of  them  successfully 
(trimming,  slowing  air  speed,  correcting  for  wind  conditions,  etc).  At  this 
point  the  student  would  be  positioned  so  that  he  was  just  at  the  beginning  of 
the  final  turn  and  would  then  fly  the  rest  of  the  pattern.  To  facilitate  the 
acquisition  of  these  two  components,  the  simulator  would  be  adjusted  so  that 
they  could  be  flown  initially  in  slow  motion.  With  each  successful 
execution,  the  simulator  would  program  faster  speeds  until  normal  operational 
speeds  were  reached.  In  addition,  an  extra  wide  runway  could  be  provided  on 
the  first  few  tries  and  it  would  gradually  be  made  narrower  and  narrower  on 
each  pass  until  the  normal  width  was  reached.  Next,  the  downwind  leg  would 
be  added,  and  so  on,  working  backward,  training  components  and  adjusting  the 
dimensions  of  difficulty  at  each  stage. 

This  approach  to  teaching  a task  to  a new  student  could  be  programmed 
into  an  advanced  simulator  without  any  additional  hardware  being  required  and 
although  the  process  may  sound  lengthly  it  would  actually  take  less  time  than 
is  normally  required  to  learn  a task.  Furthermore,  the  backward  chain  allows 
a student  to  gain  immediate  positive  feedback  for  a correct  performance  which 
should  cause  rapid  acquisition  of  the  skill. 
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CONCLUSIONS  AND  RECOMMENDATIONS 


The  purpose  of  the  above  discussion  has  been  to  lay  out  the  basic 
framework  of  the  behavior  analysis  approach  and  to  suggest  ways  that  the 
principles  of  behavior  might  be  applied  to  flying  training.  Since  there  is 
little  debate  that  flying  is  an  acquired  skill  one  may  immediately  begin  to 
ask  what  principles  of  behavior  relate  most  directly  to  the  acquisition  of 
the  repertoire.  Clearly  there  is  a great  deal  of  research  to  be  done 
inasmuch  as  the  foundation  has  yet  to  be  laid.  Very  basic  questions  such  as, 
"What  teaching  techniques  can  IPs  use  to  improve  learning?",  have  yet  to  be 
asked.  In  addition  we  need  to  know  how  best  to  use  the  functions  currenty 
found  on  most  modern  simulators.  How  should  the  "freeze"  be  used?  Should  it 
be  used  as  a time-out  or  should  the  student  be  allowed  to  initiate  the  freeze 
mode  to  allow  him  to  momentarily  reduce  information  overload?  When  should 
replay  be  employed  and  does  it  really  enhance  learning?  How  might 
individualized  instruction  techniques  be  used  to  accelerate  learning?  In  the 
larger  realm  of  simulator  design  the  simpliest  questions  have  not  yet  been 
tackled.  What  are  the  effects  of  automated  adaptive  instructon  on  the 
acquisition  of  flying  skills?  How  may  the  components  of  each  task  be 
analyzed  and  then  what  is  the  best  sequence  to  teach  them  in?  How  might 
immediate  automatic  feedback  from  the  computer  be  used  to  enhance  learning 
and  increase  motivation?  What  visual  aides  could  be  developed  that  would 
facilitate  the  acquisition  of  complex  flying  repertoires?  How  are  these 
prompts  best  faded  from  the  environment?  How  might  the  special 
characteristics  of  the  simulator,  which  allows  one  to  fly  in  s^ow  motion, 
enlarge  parts  of  the  visual  scene  and  give  control  of  many  operations  to  the 
computer,  be  used  to  speed  up  flying  training  while  reducing  errors  and 
improving  generalization  to  the  aircraft?  The  prospect  of  entering  this  new 
era  of  simulator  research  is  exciting  and  the  payoff  to  both  the  field  of 
psychology  as  well  as  the  Air  Force  should  be  great  indeed. 

In  order  to  concretely  illustrate  the  research  method  being  proposed,  a 
brief  description  of  a pilot  study  carried  out  by  the  author  during  the 
10-week  summer  assignment  is  presented  below. 
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Behavior  Analysis  Research  in  Flying  Training: 


An  II lustrati ve  Case 


THE  EFFECTS  OF  BACKWARD  CHAINING  ON  THE  ACQUISITION  OF  DIVE  BOMBING. 


Most  complex  behaviors  may  be  best  described  as  sequences  or  chains  of 
behavior  (Kazdin,  1975).  The  implication  of  analyzing  a task  to  be  performed 
in  this  way  is  that  those  responses  furtherest  removed  from  the  reinforcement 
will  not  be  strengthened  maximally  and  may  slow  the  acquisition  of  the 
behavior.  This  concept  is  not  new  (Skinner,  1938)  and  suggestions  for 
teaching  chains  of  behavior  are  readily  apparent  in  behavioral  texts 
(Ferster,  Culbertson  & Boren,  1975;  Kazdin,  1975;  Martin  & Pear,  1978). 
Basically  one  arranges  the  task  so  that  the  last  member  of  the  chain  occurs 
first;  it  is  followed  by  reinforcement  and  then  the  next-to-last  response  is 
added  and  so  on.  While  the  procedure  seems  clear  enough  and  the  implications 
for  solving  applied  problems  are  not  difficult  to  envisage  there  has  been 
surprisingly  little  applied  work  on  chaining.  That  which  has  been  done  to 
date  (Hollander  & Horner,  1975;  Martin,  England  & England,  1971)  has  not  been 
well  controlled  so  that  actually  comparing  chaining  with  a whole  task  method 
is  not  yet  possible. 

It  is  important  to  note  that  perhaps  the  only  well  controlled  study  with 
humans  (Weiss,  1978)  showed  that  forward  chaining  of  a button  pushing  task 
was  actually  superior  to  backward  chaining.  In  this  study,  however,  the  task 
was  an  artificial  chain  of  behavior  and  the  forward  chaining  might  have  also 
been  conceptualized  as  a shaping  procedure.  Thus,  backward  chaining  vs. 
whole  task  learning  with  an  actual  applied  behavior  has  yet  to  be 
demonstrated  in  the  research  literature. 

In  flying  training,  many  of  the  tasks  to  be  acquired  may  be 
conceptualized  as  chains  of  behavior  (e.g.  circling  the  runway  and  landing  -- 
referred  to  as  the  overhead  pattern).  Importantly,  if  failure  to  perform  the 
overhead  pattern  is  cited  as  a significant  factor  in  undergraduate  pilots 
being  "washed  out"  (Eddowes  & King,  1975)  thus,  being  able  to  teach  the  task 
more  effectively  may  result  in  a direct  savings  to  the  Air  Force.  Advanced 
pilots  are  confronted  with  a topographically  similar  task  when  they  learn 
air-to-ground  combat  and  must  learn  to  perform  the  30°  dive  bomb  task.  The 
similarity  to  the  overhead  pattern  and  ready  access  to  advanced  pilots  as 
well  as  an  existing  computer  program  for  the  dive  bombing  task,  all  made 
carrying  out  a study  on  chaining  with  this  task  feasible.  The  purpose  of  the 
pilot  study  was  to  evaluate  the  feasibility  of  comparing  a whole  task  with  a 
backward  chaining  method  of  teaching  the  30°  dive  bomb  task. 


METHOD 


Subjects 

Four  volunteer  Instructor  Pilots  (IPs)  from  Williams  Air  Force  Base  were 
recruited  as  subjects.  All  had  approximately  equivalent  flying  hours  in  the 
same  two  jet  aircraft  (T-37,  T-38)  and  none  had  any  previous  experience  with 
the  dive  bomb  task. 

Setting 

The  study  was  conducted  on  the  Advanced  Simulator  for  Pilot  Training 
(Hagin  & Smith,  1974)  located  at  the  Human  Resources  Laboratory  at  Williams 
A.F.B.  The  simulator  has  a wraparound  visual  capability  via  seven  36-inch 
cathod  ray  tubes  onto  which  can  be  projected  computer  generated  images  of 
various  scenes  (Gum,  Albery  & Basinger,  1975;  Rust,  1975).  For  this  study 
the  motion  platform  was  not  in  operation  and  the  g-seat  was  inflated  but  not 
otherwise  operational.  Configuration  of  the  visual  scene  for  the  study 
included  a conventional  gunnery  range  visual  data  base  similar  to  that  used 
by  Gray  and  Fuller  (1977)  and  Hughes,  Paulson,  Brooks,  and  Jones  (in  press) 
as  well  as  a depressible  bombing  sight  (A-37  Optical  Sight  Unit).  The 
aerodynamic  mathematical  models  driving  the  simulator  were  those  of  the  T-37 
aircraft  (commonly  used  for  undergraduate  pilot  training). 

Procedure 

Subjects  read  a programmed  text  on  the  30°  dive  bomb  task  prior  to 
coming  to  the  laboratory.  Upon  arrival  they  were  given  an  informal  test  and 
a form  to  record  their  total  flying  hours.  They  were  then  briefed  on  the 
task  by  the  senior  IP,  taken  to  the  simulator  and  shown  how  to  operate  the 
device.  With  the  IP  seated  beside  them  in  the  cockpit,  they  viewed  a 
demonstration  of  the  task  which  had  been  prerecorded  by  an  expert  pilot.  The 
subjects  were  then  positioned  on  the  downwind  leg  of  the  pattern  and  allowed 
to  fly  five  passes  at  the  target;  they  were  given  no  feedback  other  than  the 
sight  of  a small  circle  on  the  ground  that  could  be  seen  once  they  dropped 
the  bomb. 

The  dive  bomb  task  was  divided  into  four  segments  for  purposes  of 
instruction:  final,  roll-in,  base-leg,  and  downwind.  Following  the  five 
baseline  trials  the  subject  was  positioned  on  the  final  portion  of  the  task 
and  then  would  fly  the  remaining  part  of  the  maneuver.  Location  of  the  bombs 
could  be  seen  at  the  console  on  a cathode  ray  screen  and  a digital  readout  of 
the  plane's  heading,  airspeed,  altitude,  g-lead  and  dive  angle  as  well  as  the 
distance  of  the  bomb  from  the  target  appeared  there.  The  IP  would  give  the 
subject  feedback  and  hints  on  how  to  improve  his  performance  and  another 
trial  would  be  initiated.  This  procedure  continued  until  a subject  could 
drop  two  successive  bombs  within  140  ft.  of  the  target.  When  he  did,  he  was 
then  placed  one  segment  further  back  in  the  chain  and  the  process  began  again 
until  the  whole  task,  beginning  at  the  downwind  leg  could  be  completed  to  the 
criterion  of  two  successive  hits  within  140  ft.  At  this  point  the  subjects 
were  again  given  five  trials  without  feedback  and  the  experiment  ended. 
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RESULTS 


The  primary  dependent  variable  was  the  circular  error  score  (i.e. 
distance  of  simulated  bomb  impact  point  from  the  target)  and  the  data  for 
each  subject  may  be  analyzed  separately. 

Subject  #1  was  run  before  the  decision  was  made  to  have  a pretest  score 
for  each  pilot.  Therefore,  the  data  for  this  subject,  shown  in  Figure  2, 
omits  this  information.  The  data  show  that  the  pilot  met  the  criterion  in 
three  trials  for  the  final  segment  of  the  task.  When  the  roll-in  was  added, 
little  difficulty  was  experienced  and  only  two  trials  were  needed  to  meet 
criterion.  For  this  subject  the  most  trials  were  required  when  the  base  leg 
was  added  to  the  task.  Here,  it  took  the  pilot  nine  trials  to  meet  the 
criterion  and  a gradual  downtrend  in  the  circular  error  can  be  seen  over 
time.  No  clear  trend  can  be  seen  when  the  downwind  segment  was  added.  On 
the  post  test,  the  subject's  average  circular  error  was  139  ft.,  one  foot 
less  than  the  criterion  score. 


Figure  2 about  here 


The  data  for  subject  #3  are  shown  in  Figure  3.  The  pretest  for  this 
pilot  averaged  308  ft.  A clear  down  trend  for  the  scores  may  be  seen  in  the 
final  and  the  base  leg  (the  roll-in  was  omitted  by  error  at  the  console). 

The  subject  had  little  difficulty  when  the  downwind  segment  was  added.  While 
his  post  test  average  of  163  ft.  exceeded  the  criterion  it  still  represented 
an  improvement  of  145  ft.  over  the  pretest  scores. 


Figure  3 about  here 


Subject  #4 ' s data  are  shown  in  Figure  4.  As  can  be  seen  his  pretest 
averaged  250  ft.  from  the  target.  As  each  segment  was  added  errors  increased 
and  then,  within  ten  trials  or  less,  criterion  would  be  met.  As  with  the 
previous  two  subjects,  the  addition  of  the  downwind  segment  produced  the 
least  disruption  of  behavior.  As  with  subject  #1,  this  pilot  averaged  less 
than  the  criterion  on  the  five  post-test  trials  (X  = 138  ft.). 


Figure  4 about  here 


The  data  for  the  last  subject  is  shown  in  Figure  5.  Here  the  pretest  for 
subject  #5  can  be  seen  as  546  ft.  His  data  resembles  that  of  the  others  in 
showing  clear  down  trends  as  each  segment  is  added.  For  this  pilot  the  base 
leg  addition  proved  to  be  of  no  problem  while  the  downwind  addition  required 
six  trials  to  meet  criterion.  This  subject  had  the  greatest  improvement  from 
pre  to  post-test  (316  ft.)  but  his  post-test  scores  (X  = 230  ft.)  did  not 
meet  the  criterion. 
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Figure  5 about  here 


DISCUSSION 


The  results  of  this  study  indicate  a clear,  systematic  reduction  in 
circular  error  with  the  use  of  backward  chaining  method  of  introducing  the 
task.  Conclusions  regarding  the  superiority  of  the  method  must  await  a 
comparison  with  the  standard  forward,  unsegmented  manner  of  training  the 
task.  It  is  planned  to  run  additional  subjects  on  the  dive  bomb  task  to 
provide  this  information. 

The  backward  chaining  method  has  several  advantages  over  traditional 
training  of  such  tasks.  With  the  task  broken  into  segments,  less  information 
must  be  processed  on  any  given  trial,  presumably  allowing  learning  to  occur 
more  efficiently.  In  addition,  by  starting  with  the  last  element  the  subject 
can  come  into  contact  with  the  reinforcer  for  successful  execution  of  the 
task  and  this  should  build  confidence  in  the  subject  without  the  need  for  any 
other  form  of  support. 

The  application  of  behavior  principles  to  problems  of  flying  training 
would  appear  to  represent  an  approach  worthy  of  further  research.  Tasks  such 
as  the  one  used  in  the  present  study  allow  for  easy  quantification  of  the 
dependent  variable  and  it  parallels  other  significant  maneuvers  that  must  be 
mastered  by  pilots.  Furthermore,  the  ability  to  vary  other  dimensions  of  the 
task  (speed  of  the  aircraft  simulator,  size  of  the  target,  etc)  should  allow 
precise  comparisons  of  various  methods  of  teaching  such  tasks.  It  is  hoped 
that  this  pilot  study  will  perhaps  pave  the  way  towards  a heightened  research 
effort  in  the  application  of  behavior  principles  to  problems  of  flying 
training. 
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Figure  2.  Circular  error  for  30°  dive  bomb  task  for  subject  #1  showing 

scores  for  the  pretest,  backward  chaining  trials  and  post  test. 
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Figure  3.  Circular  error  for  30°  dive  bomb  task  for  subject  #3 
scores  for  the  pretest,  backward  chaining  trials  and 
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post  test. 
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CIRCULAR  ERROR  III  FEE1 
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Figure  4.  Circular  error  for  30°  dive  bomb  task  for  subject  *4  showing 
scores  for  the  pretest,  backward  chaining  trials  and  post  tes 


CRITERION 


Figure 


1 I final 

12345  i s'  ' ' ' io ' 
PAE  a 

TEST 


I Irol  1 in  I b I taown  wind  I 


is'  ' 'jo'  ' ’ 25'  30 ' 

CKWARO  CHAINING 


35  1 2 3 4 5 

POST 
TEST 


5.  Circular  error  for  30°  dive  bomb  task  for  subject  #5  showing 
scores  for  the  pretest,  backward  chaining  trials  and  post  test 
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ABSTRACT 

There  is  an  increasing  interest  in  improving  productivity  and  accounta- 
bility by  managers  of  research  and  development  functions. 

Published  efforts  to  date  have  indicated  that  there  is  an  increasing 
tendency  to  apply  techniques  proposed  in  management-by-objectives  techniques 
to  achieve  accountability  and  to  utilize  performance  measurement  procedures 
in  an  attempt  to  improve  productivity  in  the  research  and  development 
environment.  This  paper  proposes  that  both  of  these  techniques  will  be 
effectively  applied  in  research  if  a model  is  adopted  which  is  patterned 
along  the  lines  of  the  production  planning,  scheduling,  and  control  model 
used  so  successfully  in  the  industrial  production  environment. 

This  model  is  based  on  the  premise  that  management-by-objectives  is 
accomplished  by  involving  the  scientist  with  the  administrator  and  will 
lead  to  the  strengthening  of  the  R&O  organization. 

A description  of  the  system  and  a methodology  for  implementing  the 
proposed  model  is  included. 
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INTRODUCTION 


The  rapid  expansion  of  the  use  of  simulators  for  training  pilots  has 
been  largely  due  to  several  factors;  the  introduction  of  effective  visual 
cues,  the  development  of  more  sophisticated  fighter  aircraft  which,  in  turn, 
increases  the  complexity  of  the  flying  tasks,  the  exponentially  increasing 
costs  of  flying  training  in  these  advanced  aircraft,  the  cost  of  fuel  and 
the  ever-increasing  effectiveness  of  the  transfer  of  learning  from  the 
aircraft  simulator  to  the  aircraft  (Ref  1). 

The  Air  Force  Human  Resources  Laboratory  (AFHRL)  has  established  an 
impressive  research  and  development  organization  whose  Flying  Training 
Division  (AFHRL/FT)  at  Williams  AFB  is  charged  with  the  responsibility  to 

" conduct  research  to  generate  information  which  can  be  used  to  improve 

Air  Force  flying  training"  (Ref  2).  Implicit  in  this  charge  is  the  manage- 
ment goal  of  improving  the  flying  skills  of  student  pilots  through  the 
effective  use  of  aircraft  simulators. 

The  management  of  the  AFHRL/rT0  Branch  at  Luke  AFB  has  been  presented 
with  the  problem  of  trying  to  meet  the  escalating  demands  for  simulator 
training  research  with  restrictions  placed  on  the  availability  of  needed 
resources.  For  example,  the  Tactical  Research  Branch  located  at  Luke  Air 
Force  Base  (FTO),  Arizona,  is  charged  with  increasing  the  productivity  of 
its  flying  training  research  activities  but  must  do  so  with  the  presently 
available  resources;  namely,  research  psychologists,  systems  engineers, 
instructor  pilccs,  and  aircraft  simulators.  In  addition,  this  Branch  is 
unique  in  thaf  it  must  share  its  air-to-air  combat  simulator  (SAAC)  with 
the  Tactical  Air  Command  who  trains  pilots  in  an  air  combat  maneuvering 
role.  This  is  c.  challenge  to  increase  the  productivity  of  the  Branch.  An 
additional  complicating  factor  is  that  there  are  system  imposed  deadlines 
for  the  completion  of  specific  research  tasks.  The  Branch  manager  and  the 
respective  research  project  managers  (i.e.,  research  psychologists)  are 
often  hampered  by  having  insufficient  information  to  permit  them  to  make 
very  accurate  estimates  of  resource  requirements  needed  and  the  availability 
of  such  resources  on  a scheduled  time  scale  (Ref  3).  It  is  suspected  by 
the  author  that  this  is  the  classic  problem  concerning  the  difficulty  of 
measuring  and  improving  productivity  in  the  research  and  development 
environment,  both  for  government  and  private  organizations. 

The  idea  of  improving  productivity  in  the  research  and  development 
environment  has  been  addressed  by  many  authors,  with  diverse  and  sometimes 
dramatically  opposing  viewpoints.  For  example,  the  concept  of  introducing 
performance  standards,  which  forms  the  fundamental  basis  for  industrial 
productivity  improvements,  was  felt  to  have  an  "adverse  effect  on  the 
scientific  mission  in  the  Research  and  Development  Laboratories"  (of  the 
Air  Force)  by  the  U.  S.  Civil  Service  Commission  (Ref  3),  who,  in  1966, 
proposed  that  a critical  review  be  made  of  the  policies  and  practices  in  the 
Air  Force  Research  and  Development  Establishment.  Another  author  stated 
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that  "...complete  autonomy  from  management  and  their  influence  and  pressures 
on  the  other  hand,  is  also  undesirable.  This  influence  from  managers  and 
o^her  scientists  does  tend  to  increase  productivity"  (Ref  4).  The  intro- 
duction of  management-by-objectives  into  the  research  laboratory  to  increase 
productivity  of  engineers  and  scientists,  has  been  used  with  a great  deal 
of  success.  For  example,  Martino  (Ref  5)  reported  an  increased  output 
with  reduced  manpower,  having  more  than  doubled  the  number  of  projects  com- 
pleted while  reducing  the  professional  work  staff  of  a medium  sized  engineering 
organization  by  approximately  25 % over  a 3 year  period. 

Badowy  (Ref  6)  reported  in  his  study  on  the  application  of  MBO  as  a 
technique  for  improving  productivity  in  R&D  laboratories  that,  "...individual 
and  organizational  effectiveness  are  contingent  on  several  factors;  1)  that 
employees  know  what  is  expected,  2)  are  given  an  opportunity  to  participate 
and  be  involved  in  their  work,  and  3)  get  feedback  on  how  they  are  doing 
in  thei r work. " 

The  thesis  presented  in  this  paper  is  that  the  techniques  of  production 
planning,  scheduling  and  control  are  effective  MBO  techniques  and,  if  used 
diligently,  will  increase  productivity  in  research  and  development  labora- 
tories . 


OBJECTIVES 


Management-by-objecti ves  is  based  on  the  premise  that  the  supervisor 
and  employees  share  in  the  establishment  of  organizational  and  staff  goals, 
and  also  share  in  the  accountability  for  achieving  those  goals.  Innovation 
is  a major  contributor  to  increases  in  productivity  and  the  successful 
implementation  of  MBO  encourages  both  supervisors  and  employees  to  utilize 
their  innovative  talents  in  the  process  of  achieving  the  organization's 
goals  (Ref  7).  Me  Gregor  (Ref  8)  attributes  MBO  success  to  the  fact  that 
this  management  technique  brings  together  the  needs  of  both  the  individual 
and  the  organization  and  thus  contributes  to  the  building  of  an  effective 
R&D  organization. 

The  objective  of  this  study  is  to  present  a proposed  methodology  for 
effectively  applying  MBO  in  a research  and  development  function.  The  MBO 
procedure  proposed  is  through  the  application  of  techniques  used  in  operat- 
ing a production  planning,  scheduling  and  control  system. 

The  expected  productivity  increases  to  be  gained  through  the  successful 
implementation  of  this  procedure  are  many  because  it  successfully  integrates 
the  scientist  into  the  process.  It  would  provide: 

1.  A means  for  determining  the  current  and  future  demands  for  research 
resources  and  assessing  the  degree  of  research  resource  availability  to  meet 
those  demands. 
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2.  A means  of  establishing  and  periodically  revising  the  "research 
master  schedule"  of  present  and  future  research  activities. 

3.  A means  for  determining  the  R&D  organization'sability  to  accept  and 
carryout  proposed  new  research  tasks. 

4.  A means  for  determining  whether  to  continue  one  or  more  research 
projects . 

5.  A means  for  developing  standard  data  estimates  for  specific  research 
subtasks . 

6.  A means  for  determining  ahead  of  incident  occurrence,  where  the 
research  project  "critical  path"  will  be  affected  by  "slippage"  of  scheduled 
completion  dates  of  research  subtasks. 

7.  A means  for  eliciting  the  ideas  of  all  R&D  personnel  for  alternative 
methods  of  performing  research  subtasks. 

8.  A means  for  realistically  scheduling  the  professional  development 
activities  of  personnel  for  scheduling  professional  seminars,  short  courses 
and  professional  conferences  on  their  respective  load  charts. 

9.  A means  for  determining  whether  to  assign  new  work  as  "in-house" 
or  to  a subcontractor. 

10.  A guide  for  determining  critical  research  task  priorities  and  for 
re-prioritizing  research  efforts. 

11.  A means  for  emphasizing  and  achieving  accountability  of  research 
personnel . 

12.  A means  for  applying  an  objective  performance  measurement  for  R&D 
professional  personnel. 


THE  MODEL 

A production  planning,  scheduling  and  control  system  as  applied  to 
the  industrial  setting  may  be  defined  as  "getting  the  right  material,  to 
the  right  place  and  at  the  right  time"  (Ref  9).  One  might  supplement  this 
definition  by  the  phrase  "with  the  objective  to  produce  a product  of 
acceptable  quality,  and  at  a cost  which  will  permit  the  producer  to  make  a 
fair  profit  for  his  efforts". 

The  research  and  development  laboratory  has  a much  more  difficult 
assignment  than  does  the  industrial  manufacturer  because  the  end  product  is 
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not  always  so  tangible  or  clearly  defined.  For  example,  the  end  product 
for  the  industrialist  is  usually  specified  in  terms  of  a blueprint  which 
contains  a bill  of  materials,  end  product  and  component  drawings,  each  of 
which  has  specified  dimensions  and  tolerances. 

The  end  product  for  the  R&D  laboratory  is  rarely  so  specifically  defined, 
yet  the  degree  to  which  the  research  organization  is  able  to  specifically 
describe  the  goal  of  their  research  in  a large  measure  determines  how 
effective  or  "productive"  they  will  be.  However,  even  though  the  researcher 
must  deal  with  the  more  complex  and  somewhat  vaguely  defined  end  product, 
the  traditional  functions  of  production  planning  and  control  can  be  effectively 
utilized  by  him  to  increase  his  productivity. 

The  functions  of  industrial  planning  (determining  what  is  to  be  made, 
how,  where,  etc.),  scheduling  (when  it  is  to  be  made),  dispatching  (assign- 
ing the  work  to  be  performed  at  the  respective  work  stations)  and  follow-up 
(periodically  monitoring  the  actual  performance  and  comparing  it  with  the 
scheduled  plan)  have  their  parallel  in  the  R&D  setting.  These  corresponding 
functions  are,  research  planning  (determining  the  research  question(s)  to 
be  answered,  or  hypothesis  to  be  tested,  determining  the  experimental  pro- 
cedure for  testing  the  posed  hypothesis),  scheduling  (determining  when  each 
of  the  components  or  subtasks  or  elements  of  the  research  design  are  to  be 
performed),  dispatching  (the  assigning  of  subtasks  to  researchers  and  their 
professional  colleagues)  and  follow-up  (periodically  monitoring  the  actual 
performance) . 

In  order  for  the  system  to  function  properly  each  of  the  production 
control  functions  must  be  incorporated  into  a viable  management  information 
system  that  will  achieve  the  objectives  listed  above.  Karger  and  Murdick 
proposed  guidelines  for  designing  a management  information  system  for  an 
engineering  and  research  organization  (Ref  10).  This  paper  follows  their 
proposed  guidelines  but  goes  into  depth  in  the  design  of  the  research  pro- 
gram schedules,  the  work  subtask  breakdowns,  the  estimates  of  resource 
requirements,  sequential  relationships  and  estimates  of  time  required  for 
each  subtask,  the  estimate  of  the  critical  path  and  task  completion  dates 
and  a pi  icedure  for  updating  the  program  schedules. 

It  is  to  be  emphasized  that  the  active  involvement  of  the  researcher 
in  the  research  planning,  scheduling,  dispatching  and  follow-up  is  the 
heart  of  this  proposed  model,  and  that  this  active  involvement  encourages 
innovation  and  accountability  and  provides  the  incentive  that  leads  to 
productivity  increases  in  the  R&D  process. 

METHODOLOGY 

1.  Identification  of  the  research  question(s)  to  be  answered. 
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2.  Initial  breakdown  of  research  project  into  subtask  components  and 
elements . 

3.  Initial  estimates  of  resource  requirements  needed  to  carryout  the 
research  task  (eg.  - professional  skills  required,  equipment,  etc.). 

4.  Estimates  of  the  most  likely  times  required  to  perform  subtasks. 

5.  Determination  of  the  sequential  relationships  among  subtasks. 

6.  Determination  of  the  "critical  path"  and  earliest  completion  date 
for  the  research  project. 

7.  Recording  of  resource  demands  on  resource  loading  charts. 

8.  Comparisons  of  the  initial  schedule  of  subtasks  with  availability  of 
required  resources. 

9.  Resolution  of  any  apparent  schedule  conflicts  or  inconsistencies. 


An  example: 

1 . Identification  of  the  research  questions  to  be  answered. 

An  ongoing  research  project  entitled  "Trainer  Evaluation  - Bogey  Spotter" 
is  concerned  with  the  general  goal  of  improving  the  capability  of  fighter 
pilots  to  spot  an  adversary  while  in  flight.  The  hypothesis  to  be  tested 
is,  "Is  the  specific  proposed  trainer  device  and  its  training  syllabus  an 
effective  means  of  improving  a fighter  pilot's  ability  to  spot  an  adversary?" 

2.  Initial  breakdown  of  the  research  project  into  subtask  components. 

Figure  1 is  a list  of  the  project  manager's  first  estimate  of  an  "optimum" 
breakdown  of  the  total  job  into  subtask  components. 

Figure  2 represents  AFHRL  Form  22  which  the  project  manager  is  required 
to  fill  out  for  every  "in-house"  research  project  proposed  to  be  undertaken. 
This  is  required  by  Air  Force  Regulation  80-4  (Ref  11). 

Note  the  difference  in  the  amount  of  detailed  breakdown  on  the  two  forms. 
The  intent  of  Form  22  is  that  it  is  to  serve  as  a management  information 
and  control  tool,  but  because  of  the  minimal  information  presented  it  falls 
short  of  that  goal  (Ref  12).  Note  also  that  the  time  scale  of  this  form  is 
in  months,  which  is  too  broad  a time  period  for  effective  scheduling  and 
control  since  many  research  projects  require  less  than  1 year  to  complete. 
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3.  Initial  estimate  of  resources  needed. 


Figure  1 also  has  a list  of  the  types  of  resources  needed  and  the 
estimated  number  of  hours  for  each  of  these  critical  resources.  For  example, 
column  3 lists  the  personnel  skills  assumed  needed  - the  project  manager, 
(usually  a research  psychologist),  a systems  engineer  (computer  systems 
analyst,  programmer),  and  an  instructor  pilot.  The  Flying  Training  Division 
states  as  a policy  that  "a  research  team  routinely  consists  of  a research 
psychologist,  a systems  engineer  and  a research  instructor  pilot,  who  to- 
gether develop,  accomplish  and  report  the  results  of  flying  training  re- 
search studies  (Ref  13).  It  is  important  to  recognize  the  specific  research 
needed,  how  much  and  when  in  order  to  avoid  the  dilemma  of  finding  that  the 
needed  personnel  are  unavailable  due  to  other  assignments  or  TOY  when  needed 
in  this  research  task.  This  will  be  addressed  again  in  steps  7 and  8. 

4.  Estimate  the  most  likely  times  to  complete  each  of  the  required  subtasks. 

This  is  perhaps  the  most  difficult  part  of  the  planning  procedure,  but 
also,  one  of  the  most  important  aspects.  It  is  imperative  that  viable 
estimates  of  the  time  required  for  resources  be  available,  for  without  these 
estimates,  the  organization  may  quickly  find  itself  in  chaos.  For  example, 
promised  deadlines  will  not  be  met,  over  or  under  utilization  of  critical 
resources  will  occur,  and  the  credibility  of  the  organization  to  perform  its 
function  quickly  follows. 

Many  researchers  may  abhor  the  idea  of  being  asked  to  establish  times 
for  completion  of  research  tasks  simply  because  many  of  those  tasks  have  a 
degree  of  uncertainty  of  successful  completion.  However,  by  breaking  a 
major  research  effort  into  subtasks,  many  of  which  are  somewhat  repetitive 
and  routine  in  nature,  it  will  be  found  that  only  a few  subtasks  have  a 
great  deal  of  uncertainty  about  the  time  required  for  completion.  For 
example,  in  the  bogey  spotter  trainer  evaluation,  the  most  uncertain  time 
estimates  expected  would  be  for  task  9,  "develop  research  design",  and  task  21, 
"initial  analysis  of  data". 

After  this  system  has  been  in  existence  for  some  time,  say  approximately 
one  year,  one  of  the  many  benefits  to  be  expected  is  that  the  researchers 
will  find  that  they  will  become  better  estimators  for  task  time,  and  thus, 
the  planning  and  scheduling  system  will  be  even  more  effective.  This  will 
contribute  to  increased  productivity  since  the  manager  will  be  able  to 
determine  where  time  is  available  to  undertake  additional  research  tasks,  and 
to  encourage  researchers  to  increase  their  professional  skills  by  additional 
reading,  attending  professional  society  meetings,  visiting  other  organiza- 
tions performing  similar  research,  etc.  All  of  this  is  based  upon  an  effective 
utilization  of  existing  resources  which,  in  turn,  is  based  upon  an  effective 
procedure  for  breaking  research  tasks  into  subtasks  and  estimating  accurate 
times  for  performing  those  tasks.  This  will  accomplish  both  accountability 
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on  the  part  of  the  researchers  and  will  permit  productivity  increases 
in  their  efforts. 

5.  Determine  sequential  relationships  among  subtasks. 

Figure  3 lists  the  sequential  relationships  which  exist  among  the  subtask. 
This  step  is  a necessary  one  as  it  describes  the  parallel  or  simultaneous 
and  sequential  relationships  which  exist  in  carrying  cut  the  research  project. 
The  analyst  or  planner  lists  each  subtask  and  determines  which  subtask  precedes 
the  one  considered.  For  example,  in  Figure  3,  the  Bogey  Spotter  Trainer 
Evaluation,  subtasks  1,  2 and  3 may  be  performed  simultaneously,  but  subtask 
4 is  preceded  by  the  completion  of  tasks  1,  2 and  3 before  it  can  start.  With 
this  information,  and  with  the  time  estimates,  it  is  possible  to  develop  a PERT 
chart  (Ref  14)  which  graphically  pictures  the  scheduled  task  relationships 
and  permits  the  calculation  of  the  "critical  path". 

6.  Determine  the  "critical  path"  and  earliest  completion  date. 

Figure  4 is  a modified  Gantt  chart  which  depicts  the  information  provided 
in  Figures  1 and  3.  Note  that  this  chart  graphically  portrays  each  of  the 
subtasks  on  a time  scale  and  also  indicates  the  precedence  relationships  by 
means  of  vertical  dash  lines. 

The  critical  path  is  depicted  by  double  lines.  Note,  that  except  for 
subtask  17,  the  critical  path  is  represented  by  the  project  manager's 
activities.  Since  the  chart  is  plotted  to  scale,  it  is  easy  to  determine 
that  approximately  72  days  will  be  required  to  complete  the  overall  research 
project,  assuming  that  the  subtask  estimated  times  are  reasonably  accurate. 

A critical  date  is  18  September  1978,  the  scheduled  date  for  which  the 
student  pilots  have  been  scheduled  to  fly  their  training  missions  in  the 
aircraft,  the  date  scale  then  indicates  that  the  latest  starting  date  for 
this  project  is  16  August  1978.  Any  later  starting  date  will  prevent  the 
task  from  being  completed  on  28  November  1978  unless  some  subtask  adjustments 
are  made.  An  examination  of  Figure  4 will  illustrate  where  these  adjust- 
ments might  be  made  in  the  event  it  is  not  possible  to  start  this  study  by 
16  August. 

7.  Record  resource  demands  on  resource  loading  charts. 

Figure  5 is  a resource  load  chart  schedule  for  the  project  manager,  who, 
in  this  example,  is  a research  psychologist.  It  is  a simple  matter  to 
transfer  the  information  from  the  Gantt  chart  for  the  Bogey  Spotter  Trainer 
Evaluation,  Figure  4,  to  a resource  load  chart.  Figure  5.  It  is  Droposed 
that  such  a load  chart  be  made  for  each  critical  resource  and  kept  up  to  date. 
This  will  prevent  the  project  manager  from  inadvertantly  scheduling  a subtask 
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when  the  critical  resource  has  already  been  scheduled  for  another  activity. 

8.  Compare  this  initial  master  schedule  of  subtasks  with  the  availability 
of  required  resources. 

The  first  pass  at  developing  the  master  schedule  is  with  the  assumption 
that  all  needed  resources  are  available,  eg,  the  systems  engineer,  the 
instructor  pilot  and  the  project  manager  have  time  available  to  perform  these 
tasks  at  the  scheduled  limes.  It  is  also  necessary  to  review  the  load  schedule 
for  the  Simulator  for  Air-to-Air  Combat  (SAAC)  to  determine  its  availability 
where  the  piniect  requires  its  use.  This  project  does  not  require  the  SAAC 
simulator.  Figure  5 is  an  example  of  a resource  load  chart.  Note  that  a 
separata  load  chart  must  be  maintained  for  each  critical  resource.  On  Figure 
5,  the  only  overlap  for  the  project  manager  is  subtask  8 on  the  Bogey 
Spotter  with  suttask  22  on  the  Turkey  Shoot  Project,  Figure  6. 

Ar  alternate  method  for  determining  whether  resource  capacity  is  available 
is  indicated  in  Figure  7.  A transparency  overlay  is  made  for  the  Bogey  Spotter 
and  superimposed  over  the  Gantt  chart  for  the  Turkey  Shoot.  This  quickly 
identifies  the  conflict  with  these  two  subtasks  for  the  project  manager. 

These  overlays  can  be  used  for  the  Gantt  charts  indicating  the  activities 
for  the  Instructor  Pilots,  research  psychologists  and  systems  engineers. 

9 . Resolve  apparent  schedule  conflicts. 

It  is  suggested  that  the  project  manager  now  review  the  modified  Gantt 
charts  to  resolve  the  anticipated  schedule  conflicts.  For  example,  the 
conflict  between  subtask  4 Bogey  Spotter  and  subtask  20,  Turkey  Shoot,  the 
following  alternatives  might  be  considered. 

Bogey  Spotter  - subtask  #4  - Write  research  agreement 

a.  Select  team  and  write  research  agreement  prior  to  August  16. 

or 

b.  Request  another  research  psychologist  to  assist  writing  task  #3 

or 

c.  Delay  writing  the  research  agreement  until  subtask  #20,  Turkey  Shoot 
is  completed,  then  request  a priority  on  Williams  and/or  Luke  and/or  TAC 
approval  to  reduce  the  time  to  complete  the  approval  subtasks. 

Turkey  Shoot  - subtask  #20  - Analysis  of  statistical  results 

a.  Seek  help  of  an  additional  research  psychologist  to  reduce  the 
statistical  analysis  to  one  and  one-half  days  instead  of  the  originally 
scheduled  3 days. 

or 
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b.  Delay  the  start  of  the  technical  report,  and  seek  additional  help 
in  writing  the  statistical  report  to  reduce  the  expected  writing  time  by 
one  and  one-half  days. 

The  advantages  of  the  time  estimates  and  plotting  the  modified  Gantt 
chart  is  that  it  immediately  identifies  areas  of  conflict  and  causes  the 
analyst  to  think  of  alternative  means  for  meeting  the  scheduled  completion 
time,  far  before  the  crisis  in  the  form  of  scheduled  conflict  appears. 

EVALUATION  OF  PROPOSED  SYSTEM 


Any  proposed  system  should  be  evaluated  by  at  least  two  criteria, 
economic  feasibility  and  potential  acceptance. 

Economic  feasibility: 

The  economic  cost  of  operating  this  program  is  the  incremental  cost 
of  the  additional  manhours  required  for  the  project  managers  to  break  their 
research  projects  into  detailed  subtasks.  Since  the  project  managers  (pri- 
marily the  research  psychologists)  already  must  break  their  research  tasks 
into  basic  subtasks,  the  increased  costs  in  operating  this  system  is  pre- 
sented as  estimated  incremental  costs  of  additional  manhours  required  over 
the  present  system.  See  Figure  8 for  a detailed  economic  evaluation  of  the 
proposed  system. 

The  FTO  organization  is  presently  comprised  of  5 research  psychologists, 

3 systems  engineers  and  2 managerial  personnel.  The  economic  evaluation 
indicates  that  there  is  a potential  savings  of  3120  manhours  total/year  to 
be  gained  over  the  present  productivity,  assuming  that  the  present  mode  of 
operation  does  not  significantly  change.  Note  that  this  3120  manhours  per 
year  is  a savings  based  on  an  estimated  20  projects/year  being  completed  as 
compared  with  approximately  10  projects  per  year  now  being  completed.  This 
figure  is  a savings  over  and  above  an  estimated  required  need  for  2 additional 
systems  engineers  to  take  care  of  the  additional  workload  imposed  by  doubling 
the  number  of  research  tasks. 

Intangibles 

This  system  requires  that  the  Branch  Manager  and  deputy  managers  review 
projects  with  the  research  project  managers  monthly  instead  of  4 times  per 
year  as  presently  done.  This  procedure  will  enable  both  the  Branch 
Manager  and'the  project  managers  to  anticipate  proposed  schedule  conflicts 
and  probleks  long  before  they  actually  occur,  and  this  lead  time  will  permit 
effective  planning  by  them  to  develop  and  evaluate  alternative  causes  of 
action  rather  than  operate  in  a "crisis"  mode  which  seldom  leads  to  "Optimum" 
solutions  to  problems'. 
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1. 


Additional  professional  Manhours  to  break,  research  projects  into 
detailed  subtasks: 


16  hours  /Research  Project  x 20  pro  jests /ye  nr:  = 3-0  'anhc’urs 


Periodic  management  review  of  ongoing  projects: 

(presently  use  quarterly  reviews  — proposed  ere  monthly  reviews) 
(estimates  include  seminars). 


2 additional  reviews/year  x 20  projscts/yesr  x 8 manhours; project 
(4  hrs./sup’.'r.  + 11  hr s. /each  project  manager)  - 12:'  ."nnr.ours 


.'dditional  manhours  of  clerical  activity  to  update  and  revise 
status  of  ongoing  projects 


20  projects/yr  x 6 hr s. /pro jest  x 6 additional  reviews,  year- ^ 

. Increased.  Support  Services: 

2 Systems  engineers  x 2000  hr s/ year  , --C00  :'an.;ou.rc 

Total  Additional  :dnhours  3equired/yr  crtC  y&nhours 
Zstinatad  Incremental  Eenefits 


Increased  accountability  by  _ach  project  manager 


Increased  productivity  of  organisation 

estimated  present  10  projects/year  revised  to  20  _.ro jects/yoar 
net  increase  = 10  pro jests /year . 


(a  1002  increase  in  productivity)  Present  production: 

Say:  5 people  :•*  2 nro jects/yr,-' person  = 1C,~P~  hrs  yr  - 1,^2  --  2roj/ 

10  cro.'ect  hr  person 


let  Savings  in  harP.our : 


C2L'.’E.i. 


:,ooC  hrs/y 


*2  TCP,  pur »-  •'■■cisjv* 


See  page  2 of  2 
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1.  unproved  morale  of  personnel  through  participative  management  ('10). 

2.  Opportunity  to  improve  professional  capability  of  professional 
personnel. 

3.  Opportunity  for  professional  to  assist  in  setting  tie  branch  resears'- 
pods  „ 

4.  Opportunity  for  professional  personnel  to  be  evaluated  o-  an  object!' 
rating  procedure  tiiich  is  based  on  specific  performance  on  research 
subts  els . 


riotjRS  5.  (oo::2’D)  zcorr om:  ivnuir ic::  of  propxid  syspi.: 
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Although  researchers  often  consider  themselves  as  independent  pro- 
fessionals, it  is  believed  that  they  would  welcome  the  accountability 
imposed  upon  them  by  this  system  (Ref  3). 

Additionally,  the  management  of  the  R&D  function  cannot  afford  to 
permit  too  lax  a control  over  its  research  resources  since  time,  equipment 
and  funds  are  a scarce  resource.  The  manager  who  exercises  effective  control 
over  them  often  has  the  greatest  opportunity  of  increasing  the  productivity 
of  his  organization  and  increases  the  opportunity  for  professional  advance- 
ment for  his  professional  personnel. 


SYSTEM  IMPLEMENTATION 

Any  new  or  revised  system  will  have  a degree  of  resistance  towards 
acceptance  (Ref  15). 

In  order  to  minimize  this  potential  resistance,  the  persons  involved 
must  be  thoroughly  indoctrinated  with  the  proposed  system  and  how  it  will 
function.  It  is  especially  important  that  the  organization  personnel  be 
invited  to  give  their  input  as  to  the  potential  problems  to  be  encountered 
and  how  they  might  be  minimized. 

It  is  especially  important  to  emphasize  the  advantages  to  everyone 
in  the  organization  - increased  opportunities  for  increasing  professional 
skills,  the  increased  opportunity  for  attendance  at  professional  society 
meetings,  attendance  at  short  courses,  ability  to  complete  more  research 
projects,  etc. 


MAINTENANCE,  REVISION  OF  SYSTEM 


The  system  requires  that  the  project  manager  and  Branch  and/or  Section 
Managers  review  the  progress  of  each  ongoing  research  project  approximately 
once/month.  It  is  suggested  that  many  of  the  ongoing  projects  be  periodically 
presented  as  a seminar  to  the  branch  professionals  in  order  to  make  them 
aware  of  successes,  and  problems  faced  by  the  researchers  in  the  conuuct  of 
their  projects.  It  is  also  strongly  suggested  that  inputs  be  invited  from 
other  branch  professionals  concerning  existing  or  anticipated  problems. 

It  is  especially  beneficial  to  researchers  to  obtain  opinions  from  their 
colleagues  pertaining  to  alternative  ways  of  successfully  carrying  out  their 
subtasks.  Even  though  most  researchers  do  presently  contact  their  colleagues 
informally,  a seminar  presentation  with  invited  comments  will  add  an 
additional  dimension  to  the  input  of  ideas  for  the  solution  of  problems. 

This  technique  has  been  used  successfully  in  other  organizations . 

In  the  conduct  of  the  problem,  the  modified  Gantt  chart.  Figures  4 and 
6,  and  the  resource  load  charts,  Figure  5,  must  be  updated  at  least  once 
per  month.  Air  Force  Regulation  80-25  (Ref  12)  requires  that  estimates  of 
time  and  cost  for  in-house  research  projects  not  deviate  by  more  than  10°i, 
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or  it  requires  a detailed  explanation  of  the  researcher.  This  is  a rather 
stringent  and  certainly  unrealistic  constraint  to  be  placed  on  the 
estimation  and  performance  of  research  activities.  It  is  not  uncommon  in 
the  industrial  setting  for  production  performances  to  vary  by  25  per  cent 
or  more  from  the  established  standard  data  times  for  the  performance  of 
repetitive  activities.  However,  breaking  tasks  into  finely  detailed  sub- 
tasks will  permit  the  development  of  standard  data  for  the  estimation  of 
subtask  resource  time  requirements  that  will  progressively  become  more 
accurate. 


CONCLUSIONS  AND  RECOMMENDATIONS 


There  is  a decided  need  for  increasing  accountability  and  productivity 
of  the  research  function.  Industry  has  long  effectively  used  MBO  and  the 
concepts  of  effective  production  planning  and  control  to  achieve  both 
accountability  and  productivity  improvement  of  the  industrial  organization. 
The  concepts  of  effective  productive  planning  and  control  require  detailed 
planning  of  the  steps  required  to  reach  the  desired  output  (the  completed 
research  task)  and  an  effective  means  for  periodically  monitoring  the  re- 
search production  system  to  determine  where  potential  problems  may  be 
expected  to  occur.  Advance  planning  and  continuous  monitoring  permit  the 
development  and  evaluation  of  alternatives  which  will  allow  the  completion 
of  the  required  research  program  with  less  disruption  and  hasty  decision 
making  that  would  be  done  without  such  a systematic  program. 

It  is  recommended  that  this  model  be  reviewed  by  the  FTO  Branch  and 
steps  be  taken  to  initiate  the  planning  and  control  procedures  as  soon  as 
possible. 
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SUPPLEMENT 


The  original  planned  program  effort  was  to  carry  out  two  projects: 
one  concerning  the  development  of  a model  for  determining  workload 
requirements  and  the  second  was  to  be  a mini-study  to  determine  the  feasi- 
bility of  developing  and  implementing  an  automated  instruction  program 
for  a SAAC  basic  flying  maneuver. 

Considerable  effort  was  expended  in  outlining  the  methodology  for 
carrying  out  the  second  project.  Based  on  the  work  done  on  the  proposed 
automation  of  a basic  flying  maneuver,  it  is  recommended  that  efforts  be 
continued  since  the  CAI  offers  a fertile  field  for  increasing  efficiency  both 
for  simulator  training  and  the  transfer  of  learning  to  aircraft. 

An  opportunity  arose  in  the  ninth  week  of  the  program  to  implement 
the  first  stage  of  the  proposed  model  production  planning  and  control 
model  for  the  F-16  project  (ASPT  F-16  Phase  I and  II  Research)  at  Williams 
AFB.  A brief  summary  is  presented  on  this  project. 

During  the  week  of  July  31,  1978  the  Engineering  Branch  at  Williams 
AFB  was  assigned  the  task  of  configuring  a simulator  of  the  F-16  aircraft. 
This  was  assigned  top  priority. 

The  production  planning  and  control  master  scheduling  model  was 
implemented  by  the  planners  who  had  the  responsibility  for  proposing  a 
master  plan  complete  with  clearly  identified  subtasks,  estimated  times  to 
complete  each  task,  the  identification  of  sequential  relationships  existing 
among  the  subtasks,  the  determination  of  a critical  path  and  an  estimate 
of  the  specific  resources  required  to  carry  out  this  top  priority  project. 

Attached  Figure  9 is  a modified  Gantt  chart  which  is  the  planner's 
first  estimate  for  the  scheduling  of  this  project.  It  was  felt  by  many 
of  the  engineering  personnel  that  the  use  of  this  technique  permitted  them 
to  program  the  required  activities  in  considerably  less  time  than  the 
conventional  procedures  would  have  required.  In  addition,  it  was  believed 
that  this  permitted  a more  effective  scheduling  of  the  subtasks  than  could 
have  been  obtained  using  the  customary  techniques  to  develop  a master 
schedule  for  a major  undertaking. 
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USING  FOURIER  COEFFICIENTS  AS  A PROPOSED  INDICATOR  OF  ACM  PILOT  TRACKING 
SKILLS  (TERMINAL  PHASE)  FOR  THE  SIMULATOR  FOR  AIR-TO-AIR  COMBAT  (SAAC). 


by 

DEAN  E.  NOLD 
ABSTRACT 

SAAC  (Simulator  for  Air-to-Air  Combat)  is  a simulator  designed  to  teach 
fighter  pilots  air-to-air  combat  maneuvers  while  simulating  the  performance 
of  F-4E  fighters. 

Preliminary  investigations  suggest  that  it  is  possible  to  discriminate 
between  SAAC  pilots  of  different  experience  levels  by  analyzing  the  Fourier 
Series  coefficients  of  aircraft  control  movements.  A pilot  smoothness 
index  (PSI)  is  proposed  based  upon  the  Fourier  Series  coefficients.  In 
the  proposed  system,  the  Fourier  coefficients  would  be  calculated  for  the 
time  window  that  consists  of  the  endgame  phase  of  target  tracking  and  dur- 
ing the  trigger  squeeze  period.  During  this  interval,  additional  informa- 
tion, such  as  MIL  ERROR,  rudder  control  pressure,  etc.,  would  be  recorded 
and  studied. 
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Introduction 

From  a control  systems  point  of  view,  a pilot  is  usually  thought  of  as 
a continuous  feedback  control  system  as  shown  below  in  Figure  1. 


Input* 


*1  Eyes 


Brain 


Muscle 


■^■Output 


Figure  1.  - Simulation  of  a Pilot  During  Tracking 


However,  in  trying  to  evaluate  pilot  performance,  the  pilot  has  all  of  the 
characteristics  of  a sampled-data  control  system.  In  other  words,  actions 
taken  by  a pilot  occur  at  discrete  instants  of  time.  The  pilot  determines 
the  error,  applies  corrective  measures  and  then  waits  for  the  next  error 
to  appear.  As  a pilot  gains  experience,  he  anticipates  his  next  control 
input,  makes  smaller  control  movements,  and  begins  to  simulate  (or  approach) 
a continuous  control  system.  His  objective  is  to  minimize  his  errors  with 
small  control  movements. 

Research  Objective 

The  objective  of  this  investigation  was  to  determine  whether  one  could 
mathematically  detect  any  changes  in  the  frequency  spectrum  curves,  (i.e., 
the  relationship  between  different  frequency  components  that  exist  in  non- 
sinusoidal  movements)  of  the  aircraft  control  movements  between  pilots  of 
different  levels  of  flying  experience.  It  is  hoped  that  this  technique 
will  aid  in  the  evaluation  of  pilot  performance  during  SAAC  air-to-air 
combat  maneuvers. 

SAAC  (Simulator  for  Air-to-Air  Combat)  is  a two-aircraft  simulator  de- 
signed primarily  to  teach  combat  fighter  pilots  air-to-air  combat  maneuvers 
while  simulating  the  performance  of  F-4E  fighters. 
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The  SAAC  System 


Analog  voltages  corresponding  to  aileron  and  elevator  control  movements, 
and  the  D to  A converter  are  both  sampled  by  the  SAAC  computer  at  a rate  of 
20  Hz.  However,  the  software  program  needed  to  drive  a six-channel  strip 
recorder  is  sampled  at  a rate  of  10  Hz  as  shown  in  Figure  2. 


Analog  signal 


20  Hz 

variable  transport 

10  Hz 

sampl ing 

delay  time 

/ 

Softwa re 

rate 

(throughput  time) 

recorder 

t . = 1 , 2,  3 

a 20  20  20 

20  Hz 

Recorder  input 

-> 

D to  A converter 

> 

(effective  sampling  rate 

of  10  Hz) 

Figure  2.  - Functional  Block  Diagram  of  the  SAAC  System 


The  effective  overall  sampling  rate  is  10  Hz  since  the  10  and  20  Hz  signals 
are  synchronized.  This  implies  that  the  frequency  spectrum  curves  should 
be  valid  up  to  A5  Hz  bandwidths.  It  was  assumed  for  this  experiment  that 
the  variable  transport  delay  time  (throughput  time)  i.e.,  1/20,  2/20,  3/20 
seconds,  is  negligible.  However,  this  variable  delay  time  which  can  cause 
output  distortion  and  jitter  will  be  avoided  in  the  proposed  system  as 
discussed  in  the  conclusions  and  recommendations  section  of  this  report. 
Further,  the  effective  bandwidth  of  the  proposed  system  is  increased  to 
10  Hz  thus  increasing  the  accuracy  of  the  results. 

Numerical  Method  for  Determining  Fourier  Coefficients 


Assuming  that  the  aircraft  control  movements  are  periodic,  i.e.,  f(x)  = 


f ( x + 2 tr  ),  one  can  easily  determine  the  Fourier  coefficients  by  the  follow- 
ing technique: 

00 


fM  ■ \ 


(a  Cos  nx  + b Sin  nx) 
n n 
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Aq  = 1 I f(xj)  + + f(xq)  Cos(nxq 
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) Cos(nx,)  +...+  f(x)  Cos(nx 

l q ' 


-1 


■ i [«*.: 

q L- 


Sin(nx^)  +...+  f(xq)  Sin(nxq 


1 


Combining  terms  of  the  same  frequency,  the  Fourier  series  can  be  written 
in  the  form  of: 


f(t)  - Aq 
where:  Cn 


+ Cn  Sin(nx+'J^'/| 


Since  one  is  interested  in  the  frequency  characteristics  of  the  aircraft 

control  movements,  the  Aq  term  of  the  Fourier  series  can  be  neglected.  The 

A term  of  the  Fourier  series  is  also  called  the  "dc"  (direct  current)  term 
o 

since  this  value  reflects  the  average  of  the  function  evaluated  for  the 
period  T. 
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Feasibility  Study 


Two  different  fighter  pilots  were  selected  to  fly  a barrel  roll  in  the 
SAAC.  The  objective  of  this  phase  of  the  experiment  was  to  determine  if  one 
could  mathematically  detect  any  changes  in  the  frequency  spectrum  of  aircraft 
control  movements  of  pilots  at  different  skill  levels. 

Pilot  number  1 . An  exceptionally  well  qualified  fighter  pilot  flew  a 
barrel  roll  trying  to  simulate  three  different  pilot  skill  levels. 

Skill  Level  1:  Experienced  Fighter  pilot 
Skill  Level  2:  Intermediate  Fighter  pilot 
Skill  Level  3:  Low-time  Fighter  pilot 
Pilot  number  2.  A medium-time  fighter  pilot  flew  a barrel  roll 
trying  to  simulate  an  experienced  fighter  pilot. 

Skill  Level  1A:  Experienced  Fighter  Pilot 
For  the  skill  levels  listed  above,  the  Fourier  coefficients  were  calculated 
for  pitch  and  roll.  The  instant  the  aircraft  became  inverted  in  the  barrel 
roll,  data  was  taken  from  the  strip  recorder  at  0.1  second  intervals  (10  Hz) 
for  a period  of  two  seconds.  The  frequency  spectrum  curves  shown  in  Figures  3 
and  4 indicate  a shift  toward  lower  frequencies  as  the  skill  level  of  the 
pilot  increases. 
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Figure 


A Technique  in  Determining  the  Changes  in  the  Frequency  Spectrum  Curves 


From  Figures  3 and  4,  it  would  appear  that  there  is  correlation  between 
the  shape  (slope)  of  the  frequency  spectrum  curve  (of  control  movements) 
with  the  skill  level  of  the  pilot.  Frequency  spectrum  curve  slope  changes 
can  easily  be  determined  by  comparing  the  output  signals  from  two  bandpass 
filters  as  shown  in  Figure  5 below. 


Bandpass  filter  A 

0.5  to  1.5  Hz 

Signal- 


lutput 


Bandpass  fil ter  B 
2 to  3 Hz 


Figure  5.  - Signal  Processing  Technique 

Suppose  we  define  pilot  smoothness  index  (PSI)  as: 

PSI  (area  under  frequency  spectrum  curve  between  0.5  to  1.5  Hz) 
— (area  under  frequency  spectrum  curve  between  2.0  to  3.0  Hz) 

For  our  particular  example  we  would  simply  add  and  subtract  the  appropriate 
values  of  the  Fourier  coefficients. 


n = 1 n = 4 

The  results  of  this  experiment  are  given  in  Table  1 
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Low-Pass  Filter  Technique  (Another  Method) 

Me  Dowell's  investigation  (Ref.  1)  was  brought  to  the  attention  of 
this  author  in  the  final  stages  of  this  report.  The  results  of  his  re- 
search indicate  that  the  frequency  domain  based  measures  of  a pilot's 
control  movements  discriminate  between  different  pilot  experience  levels. 
Further,  such  changes  in  the  pilot's  behavior  are  reflected  by  a shift  in 
his  control  input  power  spectra  toward  lower  frequencies. 

Both  the  low-pass  filter  and  the  Fourier  coefficient  method,  while 
indicating  similar  results,  suggest  that  little  useful  information  exists 
above  2 Hz. 

Control  stick  movement  signals  used  in  the  low-pass  filter  technique 
are  sampled  at  a 15  Hz  rate.  The  control  signals,  as  shown  in  Figure  6, 
are  then  fed  into  five  different  low-pass  butterworth  filters  (n  = 2 or 
two-pole)  having  approximate  cut-off  frequencies  of  1/8,  1/4,  1/2,  1 and  2 
Hz.  The  cumulative  power  output  from  each  filter  is  then  calculated  by 
dividing  the  power  from  each  filter  output  by  the  total  signal  power. 


Input  , 
Signal 


Fi  ve 

two-pole  low-pass 
butterworth  filter 


f = 1/8,  1/4,  1/2,  1 and  2 Hz 


Figure  6.  Low-Pass  Filter  Technique 


M T 


Cumulative 
Power 


Figure  7 indicates  the  cumulative  power  that  exists  below  five  different 
cut-off  frequencies  as  a function  of  different  skill  level  pilots  flying 
a vertical  S maneuver. 


VERTICAL  S DELTA 


/ 

/ 


BANDPASS  FREQUENCY  Novice 
(Hz)  Intermediate 

Experienced 


Figure  7.  - Aileron  Filter  Outputs 


It  appears  that  the  cumulative  power  obtained  by  using  the  low-pass  filter 

method  includes  the  A (dc)  term  of  the  Fourier  Series.  Thus  control 

o 

stick  movement  information  could  be  "masked"  since  the  Aq  term  can  be  much 
larger  than  the  frequency  coefficient  terms  of  the  Fourier  Series,  i.e., 
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CONCLUSIONS  AND  RECOMMENDATIONS 


1.  In  the  system  being  proposed,  it  is  assumed  that  fighter  pilot 
smoothness  is  most  descriptive  of  his  best  tracking  ability  during  the 
endgame  phase  (the  latter  phase  of  target  tracking)  and  during  the  trigger 
squeeze  period.  For  example,  Beare  and  Kahn  (Ref.  2)  demonstrated  that 
tracking  error  increases  as  the  average  rate  of  stick  movement  in  a human 
compensatory  tracking  system.  In  other  words,  one  would  expect  correlation 
between  pilot  smoothness  and  target  MIL  ERROR. 


2.  Preliminary  analysis  (Ref.  4)  of  the  SAAC  system  suggests  that  fre- 
quency spectrum  shifts  (of  control  stick  movements)  due  to  different  pilot 
skill  levels  fall  within  the  steady-state  closed-loop  bandwidth  of  the  pilot- 
in-the-SAAC-loop.  Thus,  high  frequency  control  stick  movements  would  be 
reflected  to  the  output  of  the  SAAC  system.  (Smith's  data  (Ref.  5)  regard- 
ing the  pilot-in-the-loop  for  a T-33  type  aircraft  yields  a steady-state 
closed-loop  bandwidth  of  approximately  1 Hz.  The  SAAC  system  bandwidth; 
however,  appears  to  be  slightly  over  1.5  Hz  for  both  pitch  and  roll). 

3.  It  is  recommended  that  SAAC  software  programs  incorporate  the  manual 
Fourier  coefficients  technique.  The  determination  of  the  Fourier  co- 
efficients, pilot  smoothness,  etc.  would  be  for  the  "time  window"  of  two 
seconds  before  first  trigger  squeeze  and  during  the  trigger  squeeze  interval. 

4.  It  is  recommended  that  SAAC  software  programs  be  developed  in  order  to 
statistically  evaluate  the  target  MIL  ERROR  signal  for  the  time  window 
defined  above. 
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5.  It  is  recommended  that  the  rudder  control  (deflection)  signal  be 
monitored  in  order  to  insure  that  SAAC  pilots  are  using  correct  flying 
techniques  while  in  the  time  window. 

6.  Using  the  time  window  concept,  it  would  appear  that  the  Fourier 
coefficient  technique  is  well  suited  for  this  application. 

7.  Since  computations  are  not  done  in  real-time,  problems  associated  with 
computational  delays  (i.e.,  variable  transport  delay  time  or  throughput 
time)  can  easily  be  avoided  by  feeding  the  SAAC  control  movement  signals 
into  a circulating  buffer  located  within  the  SAAC  computer. 

8.  Since  control  signals  are  sampled  and  stored  in  the  SAAC  memory  at  a 
rate  of  20  Hz,  the  frequency  spectrum  bandwidth  is  increased  to  10  Hz. 


ADDENDUM 


This  section  of  the  report  contains  the  results  of  using  the  Fourier 
coefficient  technique  when  applied  to  a (SAAC)  class  of  five  fighter  pilots. 
The  pilots  were  evaluated  on  the  first  and  last  days  of  their  SAAC  simulator 
training.  For  this  investigation,  each  pilot  flew  two  consecutive  standard 
target  tracking  maneuvers.  During  the  entire  maneuvers,  the  following  signals 
were  recorded  and  later  analyzed. 

1)  Pitch  Control  Pressure 

2)  Roll  Control  Pressure 

3)  Rudder  Control  Pressure 

4)  Trigger  Switch  Status 

5)  Target  Mil  Error 

From  the  two  tracking  maneuvers,  two  "trigger  squeeze  windows"  were  then 
selected  by  the  following  procedures: 

1)  The  "Kill"  time  window  was  determined  by  the  pilot's  first  computer 
kill . 

2)  The  "No-Kill"  time  window  was  then  determined  by  selecting  the  mid 
"No-Kill"  trigger  squeeze  in  the  other  tracking  maneuver. 

With  the  aid  of  a computer,  60  separate  frequency  spectrum  curves  were 
plotted  for  pitch,  roll,  and  rudder.  The  following  conclusions  can  be  made 
after  reviewing  this  data. 

1)  The  bandpass  frequencies  of  0.4  to  2 Hz,  and  2 to  3.6  Hz  appear  to 
be  satisfactory  in  detecting  shifts  in  the  frequency  spectrum  curves. 
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2)  As  shown  in  Table  A-l , the  average  PSI  is  always  lower  for  a kill 


track  vs  a no-kill  track.  Further,  the  PSI  appears  to  improve  with 
training. 

3)  As  shown  in  Table  A-3,  the  high  frequency  content  contained  in 

control  movements  appears  to  be  lower  for  a kill  vs  a no-kill  track. 
Further,  the  high  frequency  control  movements  appears  to  decrease 
with  training.  Table  A-5  shows  the  statistical  analysis  of  the 
tracking  error  for  each  maneuver.  Table  A-6  indicates  the  number  of 
target  hits  and  rounds  fired. 

If  this  investigation  is  to  be  continued,  it  is  recommended  that  the 
variable  time  window  be  made  fixed.  This  would  result  in  better  accuracy 
and  shorter  computer  programs.  In  order  for  one  to  determine  the  fixed  time, 
the  following  data  is  provided: 

Analysis  of  Trigger  Squeeze  Times 


Minimum  Time 
Maximum  Time 
Mean  Time 

Standard  Deviation 
Sample  Size 


0.1  seconds 
3.6  seconds 
0.87  seconds 
0.67  seconds 
123 
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ABSTRACT 


Neutron  Product  ion  from  Collective  Ion  Acceleration  and  Plasma  Heating 
Experimentation  Using  a 6Me V 150  Kiloampere  Field  Emiss ion  Generator . 


By 

Albert  J.  Frasca  Ph.D. 
Wittenberg  University 
Springfield,  Ohio 


The  production  of  neutrons  from  two  different  accelerator 
configurations  were  analysed  for  neutron  yield  and  energy  distri- 
bution. The  accelerator  used  in  the  experimentation  was  a 
Pulserad  1590  which  is  a six  MeV  pulsed  electron  beam  device  with 
a current  capability  of  approximately  150  kiloamperes . 

The  collective  ion  acceleration  configuration  produced 
protons  and  deuterons  with  energies  in  excess  of  30  MeV  and  the 
resulting  collisions  in  carbon  produced  a highly  forward  directed 
neutron  flux  of  comparable  energy.  The  plasma  heating  configuration 
produced  about  10^  neutrons  which  is  about  10“3  times  that  produced 
by  the  collective  ion  configuration.  As  anticipated,  the  neutron 
spectrum  from  the  plasma  heating  experimentation  did  not  yield 
the  high  energy  neutron  spectrum  observed  in  the  collective  ion 
geometry.  However,  it  is  now  thought  that  many  of  the  neutrons 
produced  were  from  low  efficiency  collective  ion  effects  and  not 
from  the  deuterium  gas  within  the  target  chamber. 

The  methods  for  detection  and  analysis  consisted  of 
several  independent  techniques:  (a)  thermal  activation  (b)  fast 

neutron  activation  and  (c)  t ime-o f - f 1 i g h t . The  t ime-o f - f 1 i g h t 
systems  were  used  to  observe  the  neutron  energy  spectrum  at  150° 
and  90°  to  the  incident  beam.  Silver  activation  counters  were 
used  to  determine  the  total  neutron  yield  after  correction  for 
scattered  neutrons.  The  gold  activation  was  utilized  to  obtain 
angular  correlations  of  neutrons  produced  above  23Mev  using  the 
Au*-^?  (n,4n)Au!94  reaction. 
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INTRODUCTION 


The  use  of  field  emission  electron  generators  for 
collective  ion  acceleration  and  electron  beam  heating  experi- 
mentation has  increased  rapidly  during  the  last  few  years. 
Collective  ion  acceleration  has  the  capability  of  accelerating 
positive  particles  to  many  times  the  electron  beam's  kinetic 
energy.  Interest  in  this  technique  has  risen  as  a means  for  ob- 
taining very  high  energy  positive  ions  without  having  to  develop 
high  energy  accelerators.  The  studies  on  electron  beam  heating 
of  plasmas  have  been  of  interest  as  a means  of  heating  gases 
such  as  deuterium  to  temperatures  high  enough  to  cause  fusion. 

Both  techniques  were  studied  this  summer  by  members  of  the  Air 
Force  at  Kirtland  AFB  using  the  Pulserad  1590. 

One  of  the  interesting  results  from  collective  ion 
acceleration  or  electron  beam  heating  is  the  generation  of  neutrons 
by  (P,n),  (y,n)  and  (d,n)  reactions.  The  primary  emphasis  of 

this  report  is  the  study  of  the  resulting  neutron  yields  from  the 
two  different  experimental  configurations. 

The  machine  used  for  all  the  neutron  experimentation 
was  the  Pulserad  1590  which  delivers  a six  megavolt  150  kilo- 
ampere  electron  beam  pulse  of  less  than  100  nanoseconds  duration. 
The  reproduceability  of  the  machine  was  not  very  good  and  was 
significantly  changed  by  alterations  in  the  anode-cathode  distance, 
beam  foil  thickness,  beam  foil  material,  misallignment  of  the 
cathode,  location  of  carbon  calorimeter  block,  and  impedance 
variations  during  the  beam  discharge. 


The  two  basic  configurations  utilized  for  experimenta- 
tion are  given  below.  The  figure  on  the  left  is  the  plasma 
heating  configuration  and  the  figure  on  the  right  is  the  collec- 
tive ion  acceleration  configuration. 


Plasma  Heating 
Geometry 


Col lec  t ive  Ion 
Geome  t ry 


rz. 

Fu_\_e.o  to  >th  inG 
4-so  rge.  a 

During  the  discharge  of  the  machine,  a large  X-ray 
yield  is. observed  due  to  the  high  energy  electrons  colliding  with 
the  sides  of  the  target  chamber.  Thus  a large  Bremsstrahlung 
radiation  peak  is  detected  by  the  t ime-o f - f 1 ight  detectors. 

This  pulse,  which  is  an  accumula t ion  of  X-rays  from  the  discharge, 
acts  as  the  trigger  pulse  for  the  t ime-o f - f 1 i ght  detectors. 

Because  of  an  impedance  mismatch,  the  machine  oscillates  and  dis- 
charges several  times  and  these  discharges  can  be  identified  by 
periodic  Bremsstrahlung  bursts  following  the  initial  discharge. 
Depending  on  which  configuration  is  utilized,  as  many  as  three 
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X-ray  bursts  are  detected  approximately  200  nanoseconds  apart. 

The  second  and  third  bursts  can  be  eliminated  from  detection  by 
the  t-o-f  detectors  by  using  about  one-fourth  inch  of  lead  as  a 
shield.  The  initial  discharge  is  easily  detected  even  with  this 
amount  of  lead  since  the  initial  burst  of  X-rays  has  some  very 
high  energy  components  where  the  second  and  third  bursts  are  much 
weaker  in  voltage  and  therefore  generate  "softer"  X-rays. 

The  neutral  gas  configuration  gave  rise  to  stronger 
multiple  bursts  than  the  collective  ion  acceleration  configuration. 
The  reason  for  the  difference  apparently  rests  with  the  impedance 
match  or  mismatch  of  the  BrumleinC°^unm  and  the  target  configu- 
rations. 


NEUTRON  PRODUCTION 

Neutron  production  occurs  with  both  experimental  confi- 
gurations. However,  the  collective  ion  acceleration  configuration 

3 

produces  approximately  10  more  neutrons  than  the  plasma  heating 
configuration.  The  possible  mechanisms  for  neutron  production 
are  discussed  below: 

a \ Photoneutron  Mechanism . In  this  case  y-rays  or  X-rays 
interact  with  nuclei  and  cause  neutron  ejection.  In  order  to 
have  this  reaction  occur  requires  photons  with  energies  around 
8 or  9 Mev.  However,  in  the  lighter  eleme>  ' -ike  deuterium  only 
2.226Mev  is  required.  Thus  with  the  large  . > ems s t r ahlung  radia- 
tion with  a maximum  photon  energy  of  6Mev  it  is  possible  to  observe 
p ho t o -d is  in t egr a t ion  of  the  deuteron  in  the  plasma  heating 
configuration.  The  reaction  is  given  below: 

2 1 
lH  + y -*•  n + H - 2 . 2 2 6 M e v . 
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The  resulting  neutron  and  proton  share  the  remaining  energy. 

Tha  t is: 

Energy  of  incident  photon  - 2.226Mev  = Sum  of  neutron  and 

proton  kinetic  energy. 

In  this  reaction  neutrons  should  not  be  observed  with  an  energy 
of  over  4Mev  since  the  maximum  electron  energy  is  6Mev . There- 
fore these  neutrons  will  only  contribute  to  the  high  energy  neutron 
spec  t r um . 

Even  though  the  Br emsstr ahlung  yield  is  large,  the  low 
cross-section  (1.5  millibarns)  for  photoneutron  production  along 
with  the  low  deuterium  pressure  (1.2  torr)  makes  the  probability 
of  occurrence  of  this  reaction  quite  small.  This  is  confirmed  by 
experiments  with  and  without  deuterium  gas  in  the  target  chamber. 

b)  Fusion  Mechanism . Heated  deuterium  nuclei  that  collide 
inside  the  gas  filled  chamber  give  rise  to  neutrons.  The 
deuterium  nuclei  (Deuterons)  collide  with  other  deuterium  nuclei 
and  undergo  the  following  nuclear  transformation: 

H + H ^ -*-n  + H ^ + 3. 2 4 Mev. 

11  e 

The  two  particles  produced  in  the  interaction  are  the  neutron 
and  a "light"  helium  nucleus.  They  share  3.24Mev  of  kinetic 
energy  and  since  the  neutron  is  the  lighter  of  the  two  particles 
it  gets  most  of  the  energy.  About  2.54  Mev  is  acquired  by  the 
neutron  and  800  Kev  by  the  helium-3  nucleus.  The  neutron  produc- 
tion should  be  isotropic  and  monoenergetic  because  it  has  a 
positive  Q value  (Q  =>  3.24  Mev)  and  because  of  the  random  motion 
of  the  heated  deuterium  nuclei  (1  x 10^  K = 100  Kev).  Thus,  if 
fusion  is  occurring  in  the  gas  cell,  a symmetrically  generated 
and  monoenergetic  neutron  source  should  be  detected. 
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c)  Collect:  ive  Acceleration  of  Deuterons  . Collective 


acceleration  of  deuterons  inside  the  gas  chamber  can  also  cause 
neutron  production  by  having  a high  energy  deuteron  collide 
with  a stationary  deuteron.  The  equation  that  governs,  the  inter- 
action is  given  above,  but  in  this  case  the  neutron  spectrum 
will  not  be  symmetric.  It  will  have  an  asymmetric  energy  and 
abundance  distribution.  Both  of  the  distributions  should  be 
strongly  peaked  in  the  forward  direction. 

A careful  analysis  of  the  neutron  distribution  should 
reveal  the  extent  of  fusion  versus  collision  neutrons  in  beam 
heating  experimentation.  Our  studies,  due  to  detection  inabili- 
ties and  machine  irregularities,  do  not  show  any  correlation  with 
the  type  of  gas,  its  pressure,  or  the  resulting  neutron  flux. 

If  the  above  reaction  is  contributing  to  the  neutron  flux  produced 
the  yield  must  be  quite  low  (less  than  102  neutrons). 

d ) Deuteron  - Carbon  Mechanism . The  collective  accelera- 
tion of  deuterium  with  a resulting  collision  with  the  carbon 
calorimeter  block  at  the  back  of  the  chamber  or  a collision  with 
the  metal  walls  of  the  chamber  can  also  give  rise  to  neutrons. 

The  reactions  that  can  occur  are: 

2 12  13 

H + C - n + N Q = -.281  Mev 

lH2  + C13  -*■  n + N14  Q = + 5.32  Mev 

1H2  + Fe54  -*•  n + Co55  Q = + 2.8  Mev 

^H2  + Fe3^  -►in  + Co32  Q = 4.06  Mev 


H2  + 

Fe56 

->  2n  + Co56 

Q = -7.6 

Mev 

»2  ♦ 

AL27 

28 

-*■  n + Si 

Q = +9.35 

Mev 

(d , n) 

N13 

reaction  has  a 

low  negative  Q 

value 

The  C12 

is  a primary  source  of  neutrons.  The  total  cross  section  for 
this  reaction  is  approximately  120  millibarns  at  3 Mev  and  is 
reasonably  constant  over  a wide  energy  interval.  All  collective- 
ly accelerated  deuterium  nuclei  colliding  in  the  carbon  block 


could  undergo  this  reaction.  The  contribution  of  the  C 


13 


(d  , n) 

14  13  14 

N reaction  is  only  5Z  of  the  C (d,n)  N reaction  at  3 Mev, 

thus  the  yield  should  not  be  a significant  contributor  to  the 

resulting  neutron  flux. 


Reactions  of  the  deuterium  with  the  iron  or  aluminum  in 
the  chamber  walls  offer  other  sources  of  neutrons.  Collectively 
accelerated  deuterons  colliding  with  the  walls  generate  neutrons 
by  the  reactions  given  above.  These  reactions  give  rise  to  some 
long  half-life  daughter  nuclei  which  can  be  detected.  Extensive 
experiments  with  the  residual  radioactivity  have  not  been  carried 
out  but  the  chambers  are  radioactive  with  intensities  of  several 
mr/hour  after  several  weeks.  This  activity  is  a combination  of 
activated  iron,  carbon  and  other  materials  in  the  stainless  or 
aluminum  walls.  (Both  aluminum  and  stainless  steel  vessels  were 
used).  The  half-life  values  from  some  of  the  produced  daughter 
isotopes  are  listed  below: 


Isotopes 

Half-Life 

Isotores 

Half-Life 

N12 

.011  Sec 

Co55 

8 hours 

7 

13 

N 

9.96  Min 

Co56 

77.3  days 

7 

Co54 

.194  Sec 

_ 57 

Co 

270  days 

28 

Si 

Stable 
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e)  W indow  Ionization  Mechanism . During  the  plasma 
heating  experimentation,  two  different  windows  were  used  to 
isolate  the  (gas)  chamber  from  the  vacuum  system.  The  metal 
foils  used  were  various  thicknesses  of  titanium  (1  mil,  3 mil,  12 
mil).  Tests  with  kapton  sheets  in  place  of  the  metal  foils  were 
attempted.  However  the  severe  flexing  of  the  sheets  and  the 
resulting  electric  field  variation  required  the  use  of  the  more 
rigid  metal  foils . 

Each  firing  of  the  machine  would  destroy  the  kapton 
window  and  thus  generate  a number  of  additional  reaction  which 
produce  neutrons.  For  example,  the  kapton  sheet  would  vaporize 
and  the  ionization  from  it  would  give  rise  to  a number  of  protons 
which  could  be  collectively  accelerated  and  cause  a number  of 
(p,n)  reactions  in  the  carbon  calorimeter  block  or  in  the  walls 
of  the  chamber.  When  titanium  foils  were  used,  it  wasn't  clear 
if  the  titanium  foils  ionize  prior  to  discharge  due  to  the  pre- ■ 
pulse  voltage  or  if  pin  holes  in  the  foils  give  rise  to  prepulse 
ionization  and  ultimately,  collective  acceleration. 

Experimentation  reveals  that  a large  number  of  neutrons 
9 

(x10  )are  produced  using  kapton  sheet  and  no  gap  between  the 
calorimeter  block  and  the  kapton.  Also,  tests  with  the  titanium 
foils  and  no  gap  reveal  the  same  results  but  with  fewer  neutrons 
produced  (factor  of  five  lower).  The  tabulation  at  the  end  of 
the  report  along  with  the  interpretation  summarize  the  beam 
plasma  results. 
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COLLECTIVE  ION  CONFIGURATION 


In  our  collective  ion  acceleration  work,  the  beam  ori- 
fice was  made  of  polyethylene  with  a natural  abundance  of 
deuterium.  The  resulting  pla3&a  generated  around  the  orifice 
was  composed  of  hydrogen  ions,  carbon  ions,  and  some  deuterium 
ions.  Upon  discharge,  the  resulting  collective  acceleration  pro- 
duced (p,xn)  and  (d,xn)  reactions.  The  (p,xn)  reactions  will  be 
discussed  in  this  section  for  reactions  with  carbon  and  stainless 
steel.  (Aluminum  chambers  were  not  used). 

The  collective  acceleration  of  protons  with  resulting 
collisions  with  the  carbon  calorimeter  block  or  the  walls  of  the 
stainless  steel  vacuum  chamber  gave  rise  to  the  following  reac- 
tions. 

1 12  12 

1Hi  + 6C  * - n + 7X  Q =-13.4  Mev 

1H1  + 6C13  - n + 7N13  Q = 3.0  Mev 

1 54  54 

^ H + F e + n + Co  Q=-9.6Mev 

+ Fe^  ■*  2n  + Co33  Q = - 15  Mev 

^H^  + Fe3^-*-  n + Co33  Q * - 5.  38  Mev 

The  neutron  spectrum  resulting  from  collective  ion 

o 

experimentation  shows  a very  high  energy  neutron  yield  at  150 
to  the  beam  direction.  This  can  only  result  by  fast  proton  and 
deuteron  collisions  with  carbon  and  the  chamber  walls.  The 
neutron  energies  appear  to  exceed  30  Mev  in  the  back  angle  of 
150°  which  would  correspond  to  neutrons  of  over  40  Mev  in  the 
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forward  direction.  The  proton  needed  to  generate  these  neutrons 
would  have  energies  of  over  40  Mev . A careful  study  of  the 
t-o-f  neutron  monitors  shows  an  intense  neutron  spectrum  in  the 
14-40  region  with  the  intensity  of  neutrons  between  14  and  4 Mev 
to  be  small  and  very  few  below  4 Mev.  The  following  figure 
gives  a typical  neutron  t-o-f  spectrum  with  a carbon  calorimeter 
block  to  stop  the  protons.  When  a deuterized  polyethylene  block 
was  used  rather  than  carbon,  a strong  neutron  enhancement  results 
in  the  2 to  3 Mev  region. 
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DATA:  Carbon  block  calorimeter  in  chamber 

Polyethylene  ring  geometry 
June  20,  1978  Third  Shot 
Flight  path  100  ft  at  150° 


Until  a careful  study  is  carried  out  with  various  chambers  and 
targets,  it  will  be  very  difficult  to  analyse  the  origin  of  all 
the  neutrons.  However,  if  the  calorimeter  block  is  moved  close  to 
the  polyethylene  ring,  it  can  be  assumed  that  most  of  the  collec- 
tively accelerated  ions  will  collide  with  it  and  it  is  the  major 
source  of  neutrons.  Studies  have  been  done  to  demonstrate  the 
collimation  of  the  ion  beam.  Until  such  time  as  the  ion  beam 
profile  is  obtained,  the  number  of  ions  hitting  the  walls  and 
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Toward  the  end  of  the  report  are  a number  of  oscilliscope  photo- 
graphs of  the  t-o-f  spectrum  along  with  the  associated  time  to 


energy  conversion. 


NEUTRON  DETECTION 


Neutron  detection  was  accomplished  using  several  detec- 
tors. The  fast  neutrons  were  detected  directly  with  a time-of- 
flight  (t-o-f)  system  using  a NE102  plastic  scintillator  opti- 
cally coupled  to  a 56  AVP  photomultiplier  tube.  The  system  is 
capable  of  resolving  nanosecond  events  and  was  used  to  measure 
the  neutron  arrival  time  following  a discharge  of  the  PR1590. 

The  flight  paths  used  were:  160  feet  at  150°  to  the  beam 
direction  and  100  feet  at  approximately  90°  to  the  beam  direction. 
The  detector  at  160  feet  and  150° was  used  to  determine  the 
arrival  time  the  energy  of  the  neutron  was  obtained.  The  follow- 
ing equation  was  used  to  convert  from  travel  time  to  neutron 
energy . 

t " 72.3d  t » Neutron  travel  time  in  nanosecond 

g 

d » Neutron  flight  path  in  meters 
E * Neutron  energy  in  Mev. 

The  time  of  travel  is  obtained  by  measuring  the  duration  between 
the  initial  X-ray  burst  on  the  oscilloscope  and  the  neutron 
pulse  on  the  same  oscilloscope  trace.  To  this  time  interval  must 
be  added  the  travel  time  for  the  X-rays.  By  using  a long  flight 
path  and  150°,  the  neutron  arrival  after  the  initial  X-ray 
burst  was  sufficiently  later  to  allow  visual  differentiation. 

Since  neutrons  manufactured  in  the  back  angles  are  traveling  slower 
than  their  counterparts  in  the  forward  direction,  it  is  quite 
advantageous  to  use  back  angle  measurements  and  then  by  kine- 
matics calculate  the  neutron  energies  in  the  forward  direction. 
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The  neutron  t-o-f  detector  at  90°  to  the  beam  has  a 
rather  clear  view  of  the  neutron  flux  without  significant 
attenuation  of  the  low  energy  component.  Thus  the  time  spectrum 
can  be  converted  to  a true  energy  spectrum.  Knowing  the  number 
of  neutrons  made  in  a particular  energy  region  is  thus  obtained 
and  can  be  utilized  to  calibrate  the  thermal  neutron  counter 
(silver)  used  in  the  test  cell.  The  fact  that  high  energy 
neutrons  can  be  immediately  analysed,  allows  for  a rapid  feed- 
back as  to  efficiency  of  the  collective  ion  effect  and  its  yield. 
With  this  information,  optimization  changes  can  be  made  and  results 
quickly  obtained.  A drawing  of  the  experimental  configuration 
is  given  for  clarification. 
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NELLTROhl  MOtJlTQglMS  SYSTEM 
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The  silver  activation  system  was  built  by  Los  Alamos 
Scientific  Laboratory  in  the  1960's  and  it  utilizies  thin  walled 
geiger  tubes  wrapped  with  silver  foil  and  housed  in  a 12"xl2"x6" 
block  of  polyethylene.  The  polyethylene  is  responsible  for  slow- 
ing down  fast  neutrons.  When  therraalized,  the  silver  captures  them. 
The  resulting  beta  decay  of  the  silver  is  then  detected  by  the 
geiger  tubes.  The  devices  had  been  calibrated  when  manufactured 
using  several  neutron  sources  available  at  the  time.  When  we 
calibrated  them  using  a standard  pulse  neutron  source,  the  cali- 
bration was  confirmed.  However,  when  these  detectors  are  used 
in  a closed  and  concrete  walled  room  (test  cell)  allowances  have 
to  be  made  for  thermal  neutrons  and  epithermal  neutrons  inside 
the  room  that  are  not  part  of  the  direct  flux  but  components  of 
the  scattered  flux.  To  add  a further  complication,  this  scattered 
flux  is  not  isotropic  due  to  the  large  hole  in  the  shielding  for 
the  machine  installation.  Experimental  testing  confirmed  that 
the  thermal  neutrons  detected  by  the  counter  were  primarily 
neutrons  thermalized  outside  the  detector  but  later  captured  by 
the  silver  as  they  traveled  through  the  detector.  It  was  found 
that  these  detected  "background"  thermal  neutrons  were  as  high  as 
seven  timfes  the  number  directly  detected  by  the  counter.  This 
result  was  obtained  when  the  detector  was  against  the  concrete 
wall  of  the  test  cell  opposite  the  target  chamber.  To  eliminate 
this  problem  the  counter  was  clad  with  cadmium  sheet  of  thickness 
.030  inches.  This  eliminated  thermal  neutrons  from  the  outside. 
However,  the  epithermal  neutrons  could  still  enter,  slow  down 
and  be  detected.  This  counting  contribution  had  to  be  determined 
by  inverse  square  counting  rates.  It  was  found  that  if  the 
neutron  detector  (silver  counter)  was  mounted  against  the  target 
end  of  the  machine  that  only  a few  epithermal  neutron  were 
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counted  (^15%).  However,  the  epithermal  contribution  was  about 
85%  when  the  detector  was  placed  against  the  wall  on  the  opposite 
side  of  the  test  cell.  Graphs  showing  the  epithermal  enhancement 
of  the  count  rate  are  given  in  the  back  of  the  report.  The 
above  information  is  quite  valuable  in  knowing  how  to  interpret 
the  silver  activation  result.  Also,  it  is  quite  important  to 
know  the  energy  of  the  neutrons  generated  by  the  machine. 

The  Los  Alamos  equations  for  calculating  neutron  yields  from  a 
discharge  machine  and  using  the  silver  activation  counters  are 
given  below: 


14  Mev 
Neutron 


Neutrons 

Produced 


= 60(5.0  + d ) 2 ( N) 


2 . 5 Mev 
Neutron 


Neutrons 

Produced 


- 30(5.3  + d ) 2 ( N ) 


d ■ Distance  in  inches  from  neutrons  source  to  face  of 
polyethylene  block 

N =*  Number  of  counts  detected  during  the  first  minute 
after  activation. 

As  can  be  seen,  the  neutron  yield  calculation  is  quite  sensitive 
to  neutron  energy.  The  t-o-f  system  gave  the  neutron  energy 
spectrum  which  was  used  with  the  silver  activation  counter  to 
ultimately  arrive  at  a total  neutron  production  per  discharge  of 
the  PR1590.  A typical  result  from  the  silver  activation  counter 
is  given  on  the  next  page. 

The  silver  activation  monitors  were  to  be  operated  with 
four  geiger  tubes  in  each  polyethylene  block.  The  beta  particle 
from  the  silver  decay  would  penetrate  the  thin  walled  tube  and 
thus  a pulse  was  registered  by  the  counter.  In  order  to  keep 
the  count  rate  to  manageable  levels  and  save  as  many  tubes  as 
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NEUTRON  PRODUCTION 
RESULTS 

Neutron  production  statistics  in  the  plasma  heating 
configuration  generate  many  more  questions  than  they  answer. 

A careful  study  of  the  plasma  heating  silver  activation  data 
chart  at  the  end  of  the  report  will  substantiate  the  above 
statement.  As  can  be  seen,  the  neutron  production  does  not 
appear  to  be  dependent  on  the  chamber  material,  gas  in  the 
chamber  or  the  pressure  on  the  chamber,  however,  there  may  be 
a correction  with  the  type  of  window  used  in  the  chamber.  That 
is  kapton  or  titanium.  The  kapton  seemed  to  generate  the  largest 
neutron  yields  but  sufficient  data  was  not  collected  to  confirm 
this  hypothesis. 

It  is  thought  that  an  interaction  between  the  cathode 
and  the  window  during  the  prepulse  and  ultimate  discharge  is 
the  primary  neutron  source.  It  is  believed  that  a simple 
collective  acceleration  or  simple  acceleration  of  ions  in  the  A-K 
gap  that  later  collide  with  the  cathode  and  its  plated  titanium 
surface  generate  the  neutrons  by  (p,n)  reactions: 

» T i ^ ^ ( p , n ) ^ Q = + 1.68  Mev 

Since  V ^ is  stable  it  is  difficult  to  determine  the  extent  of 
this  contribution.  However,  it  has  been  found  that  most  often 
the  neutron  yield  is  the  largest  when  the  energy  deposited  in 
the  calorimeter  block  (carbon)  is  the  smallest  and  when  the 
chamber  gas  is  not  significantly  excited. 

The  fact  that  large  neutron  yields  result  when  kapton  is 
used  is  probably  due  to  the  collective  acceleration  of  the  ions 
on  the  kapton  during  the  initial  discharge  or  during  the  two 
secondary  discharges. 
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The  time-of-f light  results  for  the  plasma  heating 

8 o 

experiments  substantiate  neutron  productions  in  the  10  to  10 
region.  The  spectrum  that  results  also  indicates  that  the 
energies  are  in  the  1 to  5 Mev  region. 

Unfortunately  the  collective  ion  acceleration  work  was 
not  completed  when  this  report  was  written.  However,  the  test 
results  substantiated  the  manufacture  of  high  energy  neutrons 
above  30  Mev.  The  following  figures  illustrate  some  of  the 
preliminary  results. 
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LASER- INDUCED  FLUORESCENCE  STUDIES  OF 


* 

Sn  and  PbF 
Robert  B.  Green 

.ABSTRACT 

Certain  diatomic  intermediate  species  such  as  SnO  and  PbF  are 
primary’  candidates  for  chemically-pumped  electronic  transition  lasers. 

Reliable  lifetimes  for  SnO  and  PbF  are  important  in  the  calculation  of 
optical  gain  for  potential  laser  systems.  Laser- induced  fluorescence 
was  used  in  this  study  to  directly  obtain  this  information. 

In  this  experiment  a heated  oven  (Sn  + Sn02  2SnO)  and  a flame  (Sn 
+ N20  -*•  SnO*  + N2)  were  used  to  produce  ground  state  SnO  for  laser 
pumping.  Neither  approach  was  successful  presumably  because  of  the  low 
probability  of  the  transition  of  interest  and  it  was  concluded  that  an 
indirect  approach  must  be  devised.  Gain/loss  measurements  were  also 
made  for  SnO  using  extra-cavity  and  intra-cavity  laser  techniques.  No 
gain  or  loss  was  measured  but  these  experiments  indicated  that  particulate 
light  scattering  may  be  a problem  in  low  gain  systems. 

The  radiative  lifetime  of  PbF  was  measured  directly  in  a flame  with 
laser -induced,  time-resolved  fluorescence.  It  was  concluded  that  the 
vibrational  levels  of  PbF  were  thermalized  before  they  fluoresced.  ' : 

The  average  lifetime  of  the  A2!  state  was  calculated  to  be  3.6  ps  +_  0.4 
ps.  A Stem-Volmer  plot  at  several  pressures  showed  that  total  product 
quenching  was  negligible. 
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INTRODUCTION  AND  OBJECTIVES 


The  objective  of  this  research  was  to  obtain  fundamental  lifetime 
data  for  SnO  and  PbF.  These  molecules  are  candidates  for  electronic 
transition  chemical  lasers.  Laser- induced  fluorescence  is  the  most 
direct  method  for  obtaining  the  information  necessary  for  evaluation  of 
these  candidates. 

Since  1965,  all  of  the  chemical  lasers  which  have  been  reported  are 
based  on  rotational -vibrational  transitions  within  a single  electronic 
state  with  one  exception.  Recently,  the  first  example  of  continuous 
wave  (cw)  laser  action  on  a transition  between  two  distinct  electronic 
states  pumped  only  by  a chemical  reaction  was  demonstrated  at  the  Mr 
Force  Weapons  Lab  (1) . 

Electronic  transition  lasers,  as  opposed  to  vibrational  transition 
chemical  lasers,  are  of  interest  for  several  reasons.  In  addition  to 
being  the  result  of  higher  energy  transitions,  shorter  wavelengths 
permit  tighter  focusing  of  the  laser  beam  with  smaller  optics.  The 
transmission  characteristics  of  electronic  transition  chemical  lasers 
are  also  desirable. 

SnO  is  a particularly  interesting  chemical  laser  candidate  because 
it  can  be  produced  in  an  electronically-excited  state  by  the  reaction  of 
Sn  with  N2O  with  measured  photon  yields  as  high  as  50%  (2).  PbF,  the 
species  resulting  from  the  chemiluminescent  reaction  of  Pb  with  F;  (5), 
is  another  metal  fluoride  which  should  be  considered  as  an  electronic 
transition  chemical  laser  candidate. 
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Reliable  lifetimes  for  SnO  and  PbF  are  important  in  the  calculation 


of  optical  gain  for  potential  laser  systems.  Oscillator  strengths  can 
be  determined  from  lifetimes  and  compared  to  theoretically  calculated 
values.  Thus,  measured  lifetimes  also  may  serve  as  sensitive  tests  of 
theoretical  wave  functions. 

EXPERIMENTAL 

The  experimental  approach  was  to  prepare  ground  state  molecules  in 
the  gas  phase  and  pump  them  to  the  desired  state  by  laser  excitation. 
Then  the  subsequent  fluorescence  decay  could  be  measured  photometrically. 

A.  SnO 

There  were  several  possibilities  for  preparing  gas  phase  SnO  in 
sufficient  quantity  to  permit  a lifetime  measurement. 

Initially  SnO  was  prepared  by  the  equilibrium  reaction: 

Sn  + Sn02  *■  2 SnO 

A powdered  mixture  of  Sn  and  SnO?  was  placed  in  a quartz  cell  to  which 
10  torr  of  argon  was  added  (See  Figure  1) . The  reaction  chamber  which 
was  contained  within  a furnace  was  then  heated  to  approximately  1000cC 
to  produce  SnO  vapor.  The  2.54  cm  diameter,  100  cm  long  quartz  chamber 
was  equipped  with  Brewster  windows  at  either  end  to  permit  passage  of 
the  pumping  laser  beam.  A 22  cm,  90°  sidearm  at  approximately  the 
middle  of  cell  was  used  to  view  laser -excited  fluorescence.  The  cell 
which  w'as  sealed  during  the  reaction  was  evacuated  with  a vacuum  pump 
and  the  pressure  was  monitored  with  a thermocouple  gauge. 
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Two  different  optical  excitation  sources  were  used  for  this  ex- 
periment: a Molectron  Spectroscan  10  nitrogen  laser-pumped  dye  laser 
and  a Coherent  Radiation  CR-8  argon  ion  laser.  The  nitrogen  laser- 
pumped  dye  laser  was  pulsed  at  100  Hz,  and  the  typical  energy/pulse  was 
20  yJ.  The  linewidth  of  the  dye  laser  was  typically  0.5  nm  (FWHM)  and 
the  pulse  duration  was  approximately  8 ns.  The  laser  was  equipped  with 
a motorized  grating  for  continuous  wavelength  scanning,  thus  laser 
excitation  spectra  could  be  obtained.  The  prism- tuned  argon  ion  cw 
laser  was  operated  at  discrete  frequencies.  In  both  cases,  the  laser 
beam  was  focused  in  the  viewing  region  of  the  reaction  cell. 

The  laser- induced  fluorescence  was  monitored  with  a photomultiplier 
(PM)  mounted  normal  to  the  laser  beam.  Various  filters  were  used  in 
conjunction  with  the  PM  tube  to  reduce  scattered  light  and  blackbodv 
radiation  from  the  furnace. 

The  PM  output  was  preamplified  and  fed  to  an  oscilloscope  and  a PAR 
Model  164/162  boxcar  averager  for  pulsed  laser  experiments.  The  output 
of  the  boxcar  which  was  the  average  of  many  shots  was  displayed  on  a 
strip  chart  recorder.  In  a few  instances  a lock-in  amplifier  was  used 
to  process  the  PM  signal  in  the  pulsed  experiments  since  the  SnO  lifetime 
was  on  the  order  of  the  laser  duty  cycle.  In  most  cases,  the  FAR  121 
lock-in  amplifier  was  used  for  the  cw  laser  experiments.  The  argon  ion 
laser  beam  was  mechanically  chopped  at  700  Hz.  The  signal  from  the  PM 
was  preamplified,  displayed  on  an  oscilloscope,  and  synchronously  detected 
with  the  lock-in  amplifier. 
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In  the  pulsed  laser  experiment,  the  wavelength  region  of  an  absorption 
to  a specific  vibrational  level  was  scanned  with  the  nitrogen  laser- 
pumped  dye  laser  and  then  the  fluorescence  decay  waveform  was  scanned  by 
the  boxcar  signal  averager  while  exciting  the  transition  of  interest. 

In  the  cw  experiment,  the  argon  ion  laser  was  tuned  on  and  off  the 
appropriate  laser  emission  lines  while  the  oscilloscope  and  lock-in 
amplifier  were  monitored. 

The  experiments  which  were  conducted  using  the  pulsed  laser  and  the 
cw  laser  are  summarized  in  the  schematic  diagram  below. 

TYPE  OF  LASER  pulsed  (N2/dye)  cw  (Argon  ion) 

LASER  X (nm)  452.0  463.6  475.4  488.1  465.7  472.7  476.5  488.0 

I I I I 

(0*3)  (0j2)  ((KL)  (0+0) 

DETECTION  X A B A B A BAB  A ~B  A BAB  A B 

(nm) 

A = 529.3  nm,  B = 640.0  nm 

The  a3£  state  of  SnO  is  the  first  level  above  the  ground  state  and  is  a 
candidate  for  a chemical  laser.  The  laser  wavelengths  indicated  above 
in  the  schematic  diagram  for  the  pulsed  experiment  coincide  with  the 
most  probable  electronic  transitions  to  vibrational  states  in  the  a3£ 
manifold  as  predicted  by  Franck-Condon  considerations.  Since  the  cw 
laser  was  not  continuously  tunable,  the  indicated  wavelengths  correspond 
to  emission  lines  characteristic  of  the  argon  ion  laser  which  are  within 
the  absorption  bandwidth  of  SnO(a3E).  Franck-Condcn  factors  (4)  and  the 
chemiluminescence  spectrum  for  SnO  indicate  that  emission  at  530.0  nm 
(v'  = 0 -*■  v"  = 2)  and  636.5  nm  (v'  = 0 -*■  v"  = 6)  should  be  the  most 
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intense.  The  detection  wavelength  indicated  aco^e  »A  or  B)  is  the  pen 
of  the  filter  bandpass  (approximately  xC  m win  a) . 'in  a fev.  cases , a 
long-pass  cute  r filter  (>  StC.O  cm.)  was  used  rut  blackbody  "sedation 


made  ' has  appro-ch  unsuccessful. 

Jo  fluorescent  • was  seen  from  Sr»‘  ’using  *.  .•  heated  tel  . although 
furnace  temperature  as  high  as  120C°C  were  a"":  _ned  In  serve  cases. 


second  approach  to  gau;Tati"g  sufficier  : v .0  for  lifetime  measurements 
vas  a cneniiuminescent  reaction. 


Sn  + .ijC  ■*  3n0*  - N; 

Ground  state  SnC  resulting  fren  cl  e • ' limine ; should  re  a-v  ..role 

for  optical  pumping. 

Tie  reaction  chamber  consists l cf  a foci  •:  - it  di. -meter,  3tc_n_es: 
steel  cro.;:  with  one-men  dime" - : si-...earns  u-  :t  rea  at  the  ir.-.- “section 
of  tne  cross  and  perpendicular  to  it  (See  rig-  - 2).  Brewster  windows 
were  attached  to  me  one-inch  ; odesc-ms.  r t h t . "atorr  fittings  for 
tvs-r  of  tiit.  xuser  beam.  The  f ur  -r  s of  ? cross  vjerc  tr  w'  with 
a pln;e  with  an  cutlet  for  a vaccn  pur:  a - io  .ddov.,  a nice  wini'-w, 
and  a burner.  Tne  burner  plate  hud  tor  ej.ectrtd.es  for  heat  erg,  and  a 
jacket  for  water  cooling.  A tungsten  basket  •/?*  suspended  between  die 
electrodes  and  nr.  alumina  crucible  containing  the  Sn  metal  .us  placed  in 
the  basket.  A chromic  cylinder  was  placed  around,  the  ei^ctrr.des  i :d 
crucible  and  was  racked  wr.  h msuiacic.n.  A tantalum  foil  "over  • ..  m or. 
coining  foT  the  oiuxible  me c :h  iscxa.'ec.  the  .-.eating  sec. txm  'tom  :-io 
rent  of  the  reaction  chamber,  fit  cus  cxide  arc  the  carruei  gas  (urgen 


or  helium)  were  brought  into  the  reaction  chamber  through  concentric 
tubes.  During  operation,  the  Sn  metal  was  heated  tc  product  atomic  Sn 
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while  the  carrier  gas  was  flowed  into  the  crucible.  V20  was  added  to 
produce  the  chemiluminescent  flame.  one -in’  i inch  diameter  tantalum 
foil  cone  was  placed  on  top  of  the  crucible  and  condensed  the  flame. 

The  flame  could  be  brought  to  various  positions  in  the  viewing  area  Ly 
adjusting  the  gas  flow's . 0.5  torr  of  h*20  and  5.5  torn  of  hr  produced  on 

intense  blue  flame  fringed  in  green,  at  the  re;:  of  the  fcumei  core,  ‘n 
emission  spectrum  of  the  flame  over  the  rev.ion  of  interest  is  sheer  :r 
Figure  3.  The  assignments  for  a-X  transitions  from  v'  ~ 0 were  taken 
frem  Reference  3. 

An  additional  pumping  source  was  used  for  flame  errerimentr  ro 
provide  higher  peak  powers:  a Phase-?.  Node!  1100  flush  lam;  p tnped  d/c- 
laser.  It  produced  approximately  in  nj  pulses  of  C.5  .sec  (nvHf*j  duration 
with  Coumarin  460  end  LD  49C  dyes.  The  laser  was  or ' m tuned,  producing 
a polarized  bean  with  a C.5  ran  spectral  width. 

.An  experimental  plan  similar  to  that  outlined  previously  was  followed 
except  that  the  flame  was  the  source  of  SnO  (See  Figure  . Ihe  fiashiarp- 
punpe-i  dye  laser  was  operated  at  463.6  nm  and  -f  t.;  mr.  In  all  cases, 
the  lasers  were  focused  at  the  center  cr  the  cross  opposite  the  viniew 
and  the  position  of  the  laser  be.im  with  respect  to  the  flame  was  varied. 

No  fluorescence  was  observed  fron  SnC  in  experiments  using  the 
nitrogen  laser-pumped  dye  laser,  argon  ion  laser,  cr  trie  flashianr- 
pumped  dye  laser. 

The  SnO  experiments  were  then  novel  to  Building  617  which  has 
facilities  for  finer ine  use.  The  experimental  ippcratr.’.s  was  generally 
similar  to  that  described  previously  with  a few  exceptions  (bee  -igure 
i j . The  burner  was  schematically  similar  to  tne  one  illustrated  _r. 


Figure  2.  A res istively- heated  tungsten  crucible  was  used  to  atomize 
the  Sn.  The  carrier  gas  entered  the  reaction  chamber  around  the  outside 
of  the  crucible  through  a ring  and  carried  atomized  Sn  up  through  a 
throat  where  oxidant  was  injected  through  a concentric  ring.  Mixing 
occurred  at  the  ring  and  the  SnO  flame  was  produced.  This  burner  permitted 
sustained  operation  at  the  high  temperatures  necessary  for  atomizing 
refractory  Sn. 

The  Molectron  Spectroscan  10  nitrogen  laser-pumped  dye  laser  was 
the  excitation  source  and  a SnF  flame  was  used  to  optimize  the  experimental 
system.  Laser- induced  fluorescence  experiments  for  SnO  were  repeated 
using  this  apparatus.  Sn  + O2  flames  were  studied  in  addition  to  Sn  + 

N2O  flames.  No  laser- induced  fluorescence  was  observed  from  SnO  in  the 
flame. 

It  was  apparent  that  the  radiative  lifetime  of  SnO  could  not  be 
readily  measured  by  laser- induced  fluorescence.  Emission  spectroscopy 
of  the  SnO  flame  showed  that  several  a-»X  transitions  existed  which  might 
exhibit  gain  in  a chemical  laser  system.  The  flame  work  was  extended  to 
the  measurement  of  gain  or  loss  on  the  SnO  a3I  states. 

The  gain/loss  experiment  was  performed  using  two  approaches.  In 
the  first  case,  the  SnO  flame  was  placed  in  a resonant  cavity  formed  by 
two  confocal  (>99*R)  mirrors  (See  Figure  5).  The  mirrors  were  aligned 
with  the  Spectroscan  10  nitrogen  laser-pumped  dye  laser  beam.  The  laser 
emission  leaving  the  resonant  cavity  was  detected  by  a photodiode.  The 
signal  was  amplified  (when  necessary)  and  fed  to  a boxcar  signal  averager 
and  oscilloscope.  When  the  confocal  mirrors  were  exactly  parallel  and 
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the  laser  wavelength  was  scanned,  gain  or  loss  at  SnO  transitions  should 
appear  as  an  enhanced  signal  within  the  power  curve  of  the  dye.  No  gain 
or  loss  was  detected  in  this  experiment  over  the  wavelength  region  400 
to  600  nm. 

In  a variation  of  this  experiment,  an  argon  ion  laser-pumped  dye 
laser  was  used  as  the  source.  The  dye  laser  was  mechanically  chopped 
and  the  emission  leaving  the  resonant  cavity  which  contained  the  burner 
was  detected  with  a photomultiplier  and  processed  with  a lock-in  amplifier. 
The  signal  was  displayed  on  a strip  chart  recorder.  The  dye  laser 
wavelength  was  scanned  across  the  606.4  nm  SnO  transition  to  determine 
if  gain  could  be  detected.  No  gain  was  detected  but  wavelength- independent 
scattering  was  noted.  This  scattering  diminished  the  transmitted  laser 
light  by  approximately  a factor  of  two.  The  scattering  was  eliminated 
only  when  the  helium  carrier  gas  or  the  heat  to  the  crucible  was  turned 
off.  This  scattering  was  apparently  due  to  particulates  formed  from  the 
reactants  and/or  products  of  the  Sn  and  N20  reaction. 

In  the  second  case,  the  SnO  burner  was  placed  within  the  active 
cavity  of  a flashlamp -pumped  dye  laser  (Fhase-R  1100)  which  was  operated 
in  a broadband  mode  (See  Figure  6) . The  appropriate  dye  was  concentration- 
tuned  to  approximately  center  the  dye  emission  band  over  the  SnO  transition 
wavelength  of  interest.  The  output  of  the  dye  laser  was  dispersed 
through  a 0.3  m monochromator  and  detected  with  a photodiode  array  and  a 
multichannel  analyzer.  The  dye  emission  spectrum  was  displayed  on  an 
oscilloscope.  Gains  or  losses  within  the  dye  power  curve  should  be 
indicated  by  positive  or  negative  spikes. 
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SnO  transitions  at  530.0  run  and  606.4  ran  were  probed  for  gain  and 
the  475.4  ran  transition  was  investigated  for  absorption.  The  Sn  atom 


transition  at  658.8  ran  was  also  studied.  On  several  laser  shots,  apparent 
gain  was  seen  at  nominally  606.4  ran  but  could  not  be  further  substantiated. 
The  multi-channel  analyzer  was  also  operated  in  the  signal  accumulation 
mode  to  minimize  shot-to-shot  variations  and  compared  to  the  dye  emission 
curve  without  the  flame.  Gain  or  loss  could  not  be  verified  for  the 
transitions  investigated. 

B.  PbF 

PbF  can  be  produced  by  the  following  reaction  under  conditions 
similar  to  the  environment  in  a chemical  laser: 

Pb  + F2  -*■  PbF*  + F 

This  reaction  gives  a blue  flame  fringed  in  red  when  helium  is  used  as 
the  carrier  gas.  Figure  7 is  a flame  spectrum  showing  A2E  -*■  X2n 
transitions  of  PbF. 

In  order  to  determine  if  a radiative  lifetime  could  be  measured  by 
laser- induced  fluorescence,  an  excitation  spectrum  was  run.  The  apparatus 
at  Building  617  was  used  with  nitrogen  pumped-dye  laser  excitation  (See 
Figure  4].  Optimum  pressures  of  fluorine  and  helium  along  with  crucible 
temperature  were  determined  by  maximizing  the  PbF  A2E  -*■  X2H  laser- 
induced  fluorescence  (spectrally  unresolved) . The  laser  beam  was  focused 
into  the  cell  to  obtain  maximum  signal  and  the  photomultiplier  position 
was  also  optimized. 


The  PM  output  was  preamplified  and  fed  to  an  oscilloscope  and  a 
boxcar  signal  averager.  The  boxcar  averager  was  set  and  held  beyond  the 
laser  scatter  peak  to  insure  that  the  signal  contained  only  fluorescence. 

The  output  of  the  boxcar  which  was  the  average  of  many  shots  was  displayed 
on  a stripchart  recorder.  The  time  base  of  the  boxcar/ recorder  system 
was  calibrated  by  recording  a sine  wave  from  a function  generator  whose 
frequency  was  measured  on  a frequency  counter.  An  excitation  spectrum 
of  the  PbF  flame  (A2E  -*•  X2n)  is  shown  in  Figure  8. 

The  lifetimes  of  several  vibrational  levels  of  the  A2 I state  of  PbF 
were  measured  by  following  the  fluorescence  decay  after  laser  excitation. 

The  PM  voltage  was  reduced  until  a further  reduction  produced  no  change 
in  the  measured  lifetime.  The  excitation  spectrum  indicated  that  PbF 
absorbed  strongly  at  429.2  nm,  (v'  = 2 v"  = 0),  436,5  nm,  (v'  = 1 «- 

v"  = 0)  and  444.1  nm  (v'  = 1 •*-  v"  = 0).  Time-resolved  signals  were 
obtained  by  setting  the  dye  laser  to  one  of  these  wavelengths  and  scanning 
the  boxcar  aperture  over  the  fluorescence  decay  curve.  Each  run  took 
approximately  15  minutes  to  permit  the  necessary  signal  averaging.  The 
results  of  these  measurements  are  shown  in  the  Table.  Since  the  fluorescence 
signals  were  several  microseconds  long,  the  eight  nanosecond  laser  pulse 
caused  no  convolution.  Semilog  plots  of  fluorescence  intensity  versus 
time  were  made  from  decay  curve  data.  A typical  plot  is  shown  in  Figure 
9. 


Lifetime  measurements  while  exciting  at  436.5  nm  were  repeated 
using  a Biomation  Model  6500  Waveform  Recorder  and  a Hewlett-Packard 
Memory/Di splay  signal  averager  for  signal  processing.  The  Biomation 
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unit  recorded  the  decay  waveform  in  25  ys  and  stored  it  in  a single 
memory.  The  rapid  data  accumulation  time  of  the  Biomation  essentially 
eliminated  any  perturbation  of  the  lifetime  measurement  due  to  dye 
performance  degradation  or  change  in  flame  conditions  that  might  occur 
during  longer  run  times.  The  waveform  was  then  signal  averaged  in  the 
Hewlett-Packard  unit  and  read  out  on  an  XY  recorder.  Signal  averaging 
permitted  the  use  of  higher  pre-amplication  and  the  attainment  of 
better  signal-to-noise  ratios.  The  results  of  these  measurements  are 
shown  in  the  Table. 

In  additional  experiments,  the  quenching  effects  of  all  species  in 
the  chamber  were  studied  as  a function  of  pressure.  The  pressure  was 
varied  by  choking  the  flow  with  a valve  on  the  downstream  side  of  the 
reaction  chamber  and  the  lifetime  of  PbF  (A2!)  was  measured  as  outlined 
before.  A Stem-Volmer  plot  of  the  data  is  shown  in  Figure  10.  The 
slope  of  the  line  is  the  quenching  rate  coefficient,  k,  where  1/r  = kp 
+ 1/tq  and  t is  the  measured  lifetime,  tq  the  lifetime  without  foreign 
gases,  and  p the  foreign  gas  pressure. 

CONCLUSIONS  AND  RECCAMENDATI ONS 

It  is  clear  that  the  lifetime  of  SnO  (a3£)  cannot  be  measured 
readily  by  laser-induced  fluorescence.  This  is  not  surprising  since 
gas -phase  lifetimes  have  been  estimated  to  be  300  ys  from  matrix  isolation 
studies  (6") . The  low  probability  of  the  forbidden  a3I  transitions 
coupled  with  low  ground  state  populations  make  this  a difficult  measurement. 
Indirect  methods  may  be  a surer  approach  to  the  lifetime  measurement  of 
SnO  (a3£).  Gain/loss  experiments  for  SnO  should  be  further  considered. 

Stable,  long  path  length  flames  on  burners  capable  of  maintaining  temperatures 
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(>  1500°K)  necessary  for  the  production  of  SnO  in  the  a3I  state  along 
with  signal  averaging  should  give  more  definitive  data.  The  gain  experiments 
did  indicate  that  particulate  light  scattering  may  be  a problem  in  low- 
gain  laser  systems. 

The  average  lifetime  of  PbF (A2!)  calculated  from  studies  using  the 
boxcar  signal  averager  was  3.7  +_  0.6  us.  All  semilog  plots  were  linear 
for  greater  than  one  lifetime  indicating  that  the  fluorescence  decay  was 
a single  exponential.  .Although  there  is  limited  data  for  comparison, 
the  relatively  close  agreement  of  lifetimes  from  several  vibrational 
levels  suggest  that  the  vibrational  levels  are  thermalized  before  they 
fluoresce.  However , since  no  attempt  was  made  to  spectrally  resolve  the 
fluorescence,  it  is  not  certain  where  the  fluorescence  originated. 

The  data  taken  with  the  Biomation  Waveform  Recorder  agree  well  with 
the  results  taken  with  the  boxcar  signal  averager.  This  is  reassuring 
since  the  PbF  fluorescence  signal  will  diminish  over  an  extended  period 
of  time  due  to  degradation  of  the  laser  dye. 

The  Stem-Volmer  plot  of  the  1/x  versus  the  pressure  in  the  reaction 
chamber  shows  that  the  total  product  quenching  was  negligible  at  the 
pressures  which  were  studied. 

More  extensive  measurements  of  the  quenching  in  the  PbF  system 
should  be  made.  Resolution  of  the  laser- induced  fluorescence  would  also 
provide  useful  information  although  the  emission  may  be  too  weak.  The 
development  of  a better  way  to  generate  atomic  Pb  for  the  burner  would 
provide  longer  term  signals  and  eliminate  some  of  the  difficulties 
encountered  in  this  study. 
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TABLE 


PbF  (A2e  -*■  x2n)  Lifetimes 

Laser  Excitation  Wavelength  Number  of  runs 

429.2  nm  (2,0)  2 

436.5  nm  (1,0)  16 

5 

444.1  nm  (0,0)  2 


Calculated  Lifetimes  (Average) 

3.5  us 

3.7  ys  +_  0. 4 us 
3.7  us  +_  0.4  us* 

3.6  us 


Average  of  all  runs 


3.6  us  + 0.4  us 


* These  lifetime  measurements  were  made  with  the  Biomation/HP  Signal 
Averager.  The  remaining  measurements  were  obtained  using  the  PAR  162/164 
boxcar  signal  averager.  Each  run  was  the  average  of  many  laser  shots 
depending  on  the  sampling  mode. 
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Figure  2.  Sc 


Figure  3. 
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Chemiluminescence  spectrum  of  SnO  (uncorrected  for 
photomultiplier  response) . 
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Figure  4. 


Schematic  diagram  of  apparatus  with  metal  oxide  burner 


Figure  5. 


rtgure  6. 


Schematic  diagram  of  apparatus  for  extra-cavity  gain/ioss 
experiment. 
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Schematic  diagram  of  apparatus  for  intra-cavity  gain/loss 
experiment. 
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Figure  9.  Typical  semilog  plot  of  fluorescence  intensity  versus  time. 


Figure  10.  Stern-Volmer  plot  for  the  v 1 = 1 level  of  the  A ; state  of  PbF 
The  lifetime  for  this  run  was  determined  to  be  3.6  s. 
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ADAPTIVE  IDENTIFICATION  AND 
CONTROL  OF  A GIMBALED  LASER 
POINTING  AND  TRACKING  SYSTEM 

BY 

ROBERT  L.  GUTMANN 

The  increasing  use  of  lasers  and  precision  infrared  and  television 
sensors  has  motivated  the  development  of  highly  accurate  pointing  and 
tracking  systems.  One  obstacle  faced  in  obtaining  increased  accuracy  in 
gimbaled  pointing  and  tracking  systems  is  due  to  the  fact  that  the  para- 
meters in  the  mathematical  model  that  describes  the  pointer  and  tracker 
are  not  precisely  known.  Furthermore,  the  model  parameters  tend  to  drift 
with  time  as  components  age  and  the  loading  on  bearings  change.  Two 
methods  of  overcoming  this  obstacle  are  presented  in  this  report.  In  the 
adaptive  control  approach,  the  controller  is  built  with  variable  feedback 
gains.  These  feedback  gains  are  adjusted  by  the  control  algorithm  to 
account  for  unknown  gimbal  parameters  and  nonlinearities  such  as  friction 
and  a cubic  spring  term.  In  the  adaptive  identification  approach  the 
gimbal  parameters  are  identified  from  recorded  input-output  test  data. 

The  philosophy  presented  here  is  to  use  the  identifier  algorithm  to  gather 
data  so  that  a simplified  adaptive  controller  may  be  designed.  The  adaptive 
controller  has  the  advantage  that  it  responds  to  the  parameter  drifts 
mentioned  above,  whereas  the  identifier  is  not  "in  the  loop”  and  cannot  so 
respond. 

The  adaptive  controllers  and  identifiers  presented  here  are  Lyapunov- 
based  model-reference  types.  Sample  computer  simulations  are  also 
presented  to  demonstrate  the  algorithms. 
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NOMENCLATURE 


El 

El 

W0 

W1 

VI 

u 

FI 

Cl 

EMI,  EM2 

El,  E2 

K1  thru  K6 

AN1 , AN2 , BM1 , 
BM2 , CM1,  CM2, 


Inner-outer  gimbal  angle 

Inner-outer  gimbal  angle  rate 

Outer  gimbal  rate  feedback  to  inner  gimbal 

Acceleration  torque  disturbances 

Hydraulic  pressure  loop  input  command 

Control  signal  generated  by  the  adaptive  controller 

Torque  to  the  static  plus  Coloumb  friction 

Cubic  spring  term 

Model  state  variables 

Error  terms 

Adaptive  gains 

Adaptive  model  parameters 
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1.  INTRODUCTION. 


Today,  with  the  widespread  use  of  lasers  and  precision  infrared 
and  television  sensors,  the  development  of  highly  accurate  pointing  and 
tracking  systems  is  becoming  essential.  Without  these  accurate  pointing 
and  tracking  systems,  the  benefits  of  the  very  narrow  laser  beam  and  the 
high  resolution  capability  of  modern  sensors  diminish  rapidly.  Furthermre, 
in  an  airborne  environment,  these  systems  must  be  able  to  isolate  the 
laser  or  sensor  from  vibration  type  disturbances.  For  this  reason  these 
devices  are  usually  mounted  on  gimbals  along  with  disturbance  sensing 
devices.  Outputs  from  the  sensors  are  fed  back  to  the  gimbal  actuators 
through  control  loops  in  order  to  isolate  the  inner  gimbal  platform  from 
disturbances.  For  the  system  chosen  for  consideration  here,  four  gimbals 
are  utilized,  two  inner  gimbals  and  two  outer  gimbals  (one  inner  and  one 
outer  gimbal  for  azimuth  and  one  pair  for  elevation). 

In  order  for  the  control  loops  to  properly  isolate  the  gimbals,  it  is 
crucial  that  the  gimbals  and  the  associated  actuator  mechanism  operate 
in  a perfectly  known  and  predictable  fashion.  As  is  the  case  in  most 
physical  systems,  a precise  mathematical  model  is  not  generally  available. 
Furthermore  the  parameters  associated  with  the  mathematical  model  tend 
to  vary  over  time  as  components  in  the  electronic  and  hydraulic  systems 
shift  with  age  and  as  the  loading  on  mechanical  joints  and  bearings 
changes  as  a function  of  aircraft  speed  and  wind  velocity.  In  general, 

it  is  difficult  to  design  fixed  control  loops  that  provide  adequate  preci- 
sion in  pointing  and  tracking  and  in  gimbal  isolation  for  a wide  range  of 
values  of  the  parameters  in  the  mathematical  models.  Additionally,  for 
improved  accuracy,  it  is  often  desirable  to  remove  gimbal  and  actuator 
nonlinearities  such  as  friction  and  nonlinear  spring  terms  so  that  the 
controller  deals  with  a system  which  is  essentially  linear. 

It  is  for  these  reasons  that  some  of  the  control  loops  that  isolate 
the  gimbals  from  external  motion  are  designed  in  a flexible  fashion  so 
that  they  may  adapt  to  the  actual  gimbal  assembly  and  actuators.  The  re- 
minder of  the  control  loop  then  "sees"  a linear  system  with  known 


? 


mathematical  model  parameters.  That  is,  an  inner  adaptive  control  loop 
adjusts  its  feedback  gain  terms  so  that  the  adaptive  controller  along 
with  the  gimbal  assembly  and  associated  actuators  respond  as  if  they 
were  a linear  system  with  known  parameters  (even  though  the  gimbal  and 
actuators  contain  nonlinearities  and  unknown  parameters).  The  outside 
control  loop  may  then  be  fixed  and  designed  to  control  a known  linear 
system. 

One  other  option  for  the  system  designer  is  to  measure  or  identify 
the  unknown  gimbal  assembly  and  actuator  parameters  prior  to  designing 
a fixed  controller.  Although  this  is  an  acceptable  design  procedure  in 
some  instances,  it  may  be  risky  in  others.  This  is  due  to  the  potential 
variation  of  parameter  values  with  age  as  indicated  above.  The  advantages 
of  the  identification  method  of  design  center  around  the  fact  that  the 
design  may  be  accomplished  "off-line"  on  a computer  operating  on  data 
previously  recorded. 

In  the  remainder  of  this  report  we  describe  a particulary  success- 
ful method  that  may  be  used  both  for  adaptive  control  and  identification. 
Furthermore,  this  method  is  applied  to  a gimbal  elevation  channel  in  design- 
ing an  adpative  controller  to  remove  the  effects  of  unknown  parameters 
and  nonlinearities.  In  addition  an  identification  algorithm  is  developed 
that  may  be  used  to  identify  gimbal  parameters  and  nonlinearities. 

2.  OBJECTIVES 

The  objectives  of  this  project  were  to  provide  Lvapunov-based 
algorithms  for  the  adaptive  control  and  identification  of  an  inner  gimbal 
assembly  and  the  associated  hydraulic  actuator.  Simulations  were  provided 
in  order  to  demonstrate  the  applicability  and  usefulness  of  the  algorithms. 
Aircraft  equipment  problems  and  scheduling  difficulties  related  to  on- 
board testing  have  made  the  collection  of  data  and  actual  hardware  testing 
impractical  to  accomplish  during  the  summer  time  frame.  Such  activities 
are,  however,  planned  for  the  future. 

The  following  algorithms  are  provided  for  adaptive  control  purposes: 
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a.  Single  input,  four  adaptive  gains. 

b.  Two  input,  four  adaptive  gains. 

c.  Three  input,  six  adaptive  gains. 

Simulation  results  are  provided  for  the  adaptive  controllers.  In  addition, 
an  adaptive  identification  algorithm  is  provided  for  parameter  identification 
purposes.  Simulations  of  this  algorithm  are  also  provided. 

3.  THE  PLANT 

We  are  concerned  here  with  the  design  of  adaptive  control  and  identi- 
fication algorithms  for  one  channel  of  the  inner  gimbal  assembly  of  a 
four  gimbal  pointing  and  tracking  system.  Figure  3.1  depicts  a system 
block  diagram  of  the  portion  of  the  system  under  consideration:  the  elevation 
hydraulic  pressure  loop  and  inner  gimbal  assembly.  This  block  diagram  is 
derived  from  information  contained  in  (6).  The  block  diagram  consists  of 
the  inner  gimbal  hydraulic  pressure  loop  and  the  inner  gimbal  assembly. 

It  is  felt  that  the  effects  of  unknown  parameters  and  friction  are  most 
serious  in  the  inner  gimbal  structure.  It  should  also  be  noted  that  the 
azimuth  inner  gimbal  assembly  is  functionally  equivalent  so  that  the  al- 
gorithms developed  for  the  elevation  channel  are  expected  to  operate 
equally  well  in  the  azimuth  channel. 

Ideally,  only  the  inner  gimbal  structure  would  be  included  in  the 
system  to  be  investigated,  however  it  is  necessary  to  inject  signals  into 
the  system  for  control  purposes,  and  the  nearest  access  point  to  the  gimbal 
is  the  pressure  loop  electronic  input.  Signals  generated  by  the  adaptive 
controller  will  be  added  to  the  channel  at  this  point.  The  effects  of 
the  pressure  loop  must  therefore  be  accounted  for  in  the  design  of  a con- 
troller (refer  to  Section  4.2  for  a discussion  of  this  aspect). 

The  friction  model  used  represents  static  plus  coloumb  friction. 

Figures  3.2  and  3.3  depict  these  models.  Coloumb  friction  force  is 
assumed  to  be  at  a constant  level  and  opposed  to  motion,  provided  that  the 
gimbal  is  in  motion.  If  the  gimbal  is  not  in  motion,  static  friction  is 
assumed  to  be  equal  to,  and  opposed  to  applied  torque,  up  to  the  maximum 
static  friction  level,  known  as  the  breakaway  point.  The  maximum  static 
friction  level  is  assumed  to  be  somewhat  higher  than  the  Coloumb  friction 
level,  however  both  friction  levels  are  assumed  to  be  unknown.  The  non- 
linear spring  term  is  assumed  to  be  a cubic  function  of  spring  displacement. 
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Figure  3.1  The  Elevation  Pressure  Loop  and  Inner  Gimbal  Assembly 


El 


Figure  3.3  Static  Friction  Model 


The  parameter  as  well  as  its  sign  are  assumed  to  be  unknown  in  practice. 

The  values  of  all  parameters  used  in  simulating  the  plant  were  ob- 
tained from  (6) . However  many  of  these  parameters  are  assumed  to  be  un- 
known in  practice.  The  simulation  used  is  discussed  in  Appendix  I. 

4.  ADAPT! .E  CONTROL 

4.1  General. 

The  technique  described  here  is  known  as  Lyapunov-based  model  ref  - 
erence  adpative  control.  Several  excellent  references  exist  on  this  subject. 
For  instance,  refer  to  (8),  (9),  (10),  or  (12).  Several  other  methods  of 
designing  adaptive  controllers  exist,  however,  Lyapunov-based  designs  have 
a distinct  advantage  in  that  they  guarantee  overall  system  stability. 

A block  diagram  of  a functional  model  reference  adaptive  control  sys- 
tem is  shown  in  Figure  4.1.  With  respect  to  this  figure,  the  "plant”  is  the 
system  to  be  controlled.  It  is  assumed  that  not  all  of  the  plant  para- 
meters are  known.  A "model"  of  the  same  order  (number  of  state  variables) 
as  the  plant  is  chosen  by  the  system  designer.  The  input  to  the  model  is 
the  same  as  the  reference  input  to  the  system.  An  adaptive  controller  is 
chosen  so  thac  the  difference  between  the  plant  output  (plant  state 
variables)  and  the  model  output  (state  variables)  goes  to  zero.  The  net 
closed  loop  system,  then  has  the  same  input-output  properties  as  the 
model.  That  is,  the  plant  now  behaves  like  the  model. In  the  usual  case,  the 
model  contains  only  linear  elements.  Hence  when  the  error  signal  becomes 
small,  the  nonlinearities  such  as  friction  and  cubic  spring  terms  are 
effectively  removed. 

The  difference  between  the  model  and  plant  outputs  is  known  as  tne 
error  signal.  The  concept  of  the  control  scheme  is  to  drive  the  error 
signal  to  zero.  Differential  equations  for  the  behavior  of  the  error 
signal  may  be  written  (refer  to  Section  4.3).  The  stability  properties  of 
these  differential  equations  may  be  determined  by  the  system  designer. 

That  is,  it  is  possible  to  design  a controller  such  that  the  system  of 
differential  equations  describing  the  error  signals  is  asymptotically 
stable  (i.e.,  the  error  signal  asymptotically  approaches  zero).  Lyapunov's 
direct  method  is  utilized  to  show  the  asymptotic  stability  of  this  system. 
Refer  to  (5)  or  (12). 
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r = reference  input 
Xp  = plant  output 


X = model  outDut 
m 

e = error  signal 
U = control  signal 

Figure  4.1  Model  Reference  Adaptive  Control  System 
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These  techniques  have  been  applied  to  an  electrically  activated 
NASA  telescope  as  described  in  (2)  and  (3).  The  effects  of  friction  and 
unknown  parameters  were  successfully  reduced  in  this  application.  Similar 
effects  are  produced  in  a simple  d.c.  electric  motor  and  reported  in 
(7),  (11),  (13),  and  (14).  A preliminary  feasibility  study  for  applying 
adaptive  control  techniques  to  a gimbaled  pointing  and  tracking  system 
was  conducted  by  this  author  and  a colleague  and  are  reported  in  (4). 

4.2  The  Model. 

As  stated  in  Section  4.1,  the  model  is  chosen  by  the  system  designer 
and  constitutes  the  desired  overall  system  behavior  after  the  adaptive 
controller  gains  have  converged.  The  choice  of  model  parameters  is  the 
prerogative  of  the  system  designer.  In  this  instance,  parameters  were 
chosen  so  that  the  zero  frequency  gain  and  cut  off  frequency  of  the  model 
are  roughly  equivalent  to  what  is  assumed  for  the  gimbal  without  any  modifi- 
cation to  the  present  system.  Furthermore,  friction  and  nonlinear  terms 
are  not  present  in  the  model.  Therefore  driving  the  error  between  plant 
and  model  to  zero  is  equivalent  to  removing  the  effects  of  friction  and 
the  nonlinear  terms  (as  well  as  the  effects  of  unknown  gimbal  parameters). 

As  stated  in  (4) , one  of  the  primary  concerns  in  designing  the 
adaptive  controller  and  the  associated  model  is  the  effect  of  the  hydraulic 
pressure  loop  dynamics  and  the  electronic  compensation  network.  The  effects 
of  the  hydraulic  pressure  loop  were  studied  in  (4) . It  was  determined  that 
this  loop  had  negligible  effect  on  the  performance  of  the  adaptive  controller. 
For  this  reason  the  hydraulic  pressure  loop  appears  in  the  model  as  a con- 
stant gain  term.  The  effects  of  the  electronic  compensation  are  somewhat 
more  difficult  to  predict.  This  is  due  mainly  to  the  fact  that  the  exact 
point  in  the  electronic  compensation  at  which  a control  signal  may  be  in- 
jected has  not  yet  been  firmly  established.  At  one  injection  point  the 
control  signal  would  pass  through  electronic  networks  with  poles  at  101, 

1000,  and  174  Hz.  These  could  be  handled  in  the  same  fashion  as  the  hydraulic 
pressure  loop:  treated  as  a constant  gain.  At  the  other  possible  injection 
point,  the  control  signal  would  pass  through  a network  consisting  of  poles 
at  0.159,  5.57,  12.3  and  407  Hz.  (as  well  as  the  three  poles  above).  In 
this  case,  it  would  be  necessary  to  compensate  the  control  signal  for  the 
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poles  at  0.159,  5.57  and  12.3  Hz  with  a pole-zero  cancellation  network. 

Such  a network  is  not  anticipated  to  cause  any  difficulties,  however  the 
precise  effects  have  not  been  simulated.  Such  a simulation  is  highly  re- 
commended if  the  second  injection  point  is  used.  The  plant  shown  in  Figure 
3.1  as  well  as  the  simulations  conducted  for  this  report  treat  the  electronic 
networks  as  constant  gains. 

4.3  The  Adaptive  Controller. 

As  stated  earlier,  the  function  of  the  adaptive  controller  is  to  force 
the  error  between  the  model  and  plant  to  zero.  It  accomplishes  this  by 
generating  a feedback  control  signal  consisting  of  various  plant  signals, 
each  multiplied  by  a gain.  The  gain  terms  are  time-varying;  they  do  how- 
ever, converge  to  a steady-state  value  in  a correctly  mechanized  controller. 
As  shown  in  Section  4.4,  for  the  system  under  consideration,  about  20-30 
sec.  are  required  for  the  gains  to  converge.  This  is  expected  to  pose  no 
problems  in  the  operational  system  (since  the  controller  could  be  allowed 
to  converge  in  an  idle  period  prior  to  operating  the  system  as  a pointer- 
tracker)  . As  the  gains  converge  to  their  steady-state  values,  the  error 
signal  is  converging  to  zero. 

The  adaptive  controllers  presented  here  are  derived  in  a fashion 
similar  to  those  presented  in  (4)  and  (13).  With  respect  to  Figures 
3.1  and  4.1,  we  construct  a control  signal,  U,  of  the  form 

U = Kl* El  + K2*  El  + K3*V1 


+K4*  W1  + K5*F2  + K6»CSl 


Where 


sign (El) 


if  El  + 0 


(sign  (EM2)  if  El  = 0 
EM  will  be  defined  below 
CS1  = El3 
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The  signal  U is  assumed,  for  this  discussion,  to  be  injected  at  the  electronic 
input  point  of  the  hydraulic  pressure  loop,  as  indicated  in  Figure  3.1. 

Refer  to  Section  4.2  for  a discussion  of  the  necessary  changes  if  the  con- 
trol signal  is  injected  into  the  electronic  compensation  prior  to  the 
pressure  loop.  In  Equation  (4.1),  the  gains  K1  through  K6  are  time-varying 
and  are  termed  the  "adaptive  gains."  The  adaptive  control  algorithm  adjusts 
the  values  of  K1  through  K6  continuously.  The  terms  K1*EI,  K2»EI,  and  K3*V1 
adapt  for  the  unknown  parameters  G5 , G4,  G3  and  the  pressure  loop  gain  shown 
in  Figure  3.1.  The  term  K4«W1  adapts  for  the  unknown  parameter  G7  of 
Figure  3.1.  Finally,  the  terms  K5»F2  and  K6«CS1  adapt  for  friction  and  a 
nonlinear  spring  respectively. 

The  model  is  second  order  and  is  described  bv 


/EMl\ 

( 0 

1 \ 

( EMI  \ 

IeMV 

1 -AMI 

-AM2  J 

l EM2  j 

BM1  0 BM2 


where 

EMI,  EM2  are  the  two  model  state  variables 
VI,  WO,  W1  are  input  signals  from  Figure  3.1 
AMI,  AM2,  BM1 , BM2  are  model  parameters. 

The  model  parameters  determine  the  response  of  the  model  to  the  various 
system  inputs.  These  are  chosen  by  the  controller  designer. 

An  error  signal  is  defined  by 


When  E is  driven  to  zero  by  injecting  the  control  signal  U into  the  plant, 

it  can  be  seen  that  the  plant  will  be  responding  as  if  it  were  described 
by  the  model  differential  equations.  That  is,  we  will  have 
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provided  we  drive  the  error  signal,  E,  to  zero. 


We  use  the  following  algorithm  to  determine  the  gains  K1  through  K5 . 

It  may  be  shown  (refer  to  (4)  or  (12)) that  this  selection  of  gains  will  drive 
the  error  signal  to  zero.  Define 

HI  = P12»E1  + P22»E2 

where 

P12,  P22  are  positive  constants. 

Then  pick 

K1  = - GAM1-H1.EI 

K2  = - GAM2"  HI*  E*I 

K3  = - GAM3-H1.V1 

K4  = - GAM4»H1*W1 

l6  = - GAM5*  HI*  F2 

K6  = - GAM6*  HI*  CS1 

where  GAM1  through  GAH6  are  positive  constants. 

The  initial  conditions  for  K1  through  K6  are  chosen  to  be  the  design- 
ers best  apriori  guess  of  the  quantities  (AM1-G3) , (AM2-G4) , (BM1  - pressure 
loop  gain),  (BM2  -G7),  ( Coloumb  friction  level),  and  (C5) 

respectively. 

The  controller  presented  here  is  the  most  general  type  considered. 

It  may  be  that  all  six  adaptive  gains  are  not  required,  or  that  in  some 
simple  test  configurations,  the  input  signals  W0  and  W1  may  not  be  present. 
For  these  reasons  two  simplified  controllers  are  also  presented.  These 
are  derived  from  the  general  controller  simply  by  deleting  gain  terms. 

All  three  controllers  are  summarized  in  Appendix  B. 

4.4  Adaptive  Control  Simulation  Results 
In  this  section  we  present  some  of  the  key  simulation  results.  Para- 
meter values  are  chosen  at  their  nominal  values  as  found  in  (6).  These 
parameter  values  are  assumed,  however,  to  not  be  precisely  known  in  practice, 
so  that  the  true  plant  parameter  values  are  noc  available  to  the  controller. 
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Friction  values  (static  and  coloumb)  are  chosen  on  the  basis  of  experi- 
mental data  provided  in  (1). 

The  following  figures  are  plots  of  the  output  signals,  El,  and  the 
error  signal  El  = EMI  - El,  for  two  configurations  of  the  adaptive 
control  algorithms.  Not  all  possible  configurations  of  the  algorithm 
are  shown,  since  at  this  stage,  the  simulations  merely  confirm  the  oper- 
ability of  the  algorithms  using  the  simulated  plant  in  Figure  3.1.  Actual 
performance  predictions  must  await  the  gathering  of  more  test  data  and 
the  evaluation  of  that  data  using  the  parameter  identification  algorithm 
presented  in  Section  5.  Plans  for  gathering  this  data  have  been  establi- 
shed at  this  time. 

Table  4.1  summarizes  the  simulation  results  presented  in  Figures  4.2  - 

4.5. 


Table  4.1  - Simulation  Summary 


Figure  Number 


4.2 


4.3 


4.4 


4.5 


Inputs 

Gains 

VI  = 0.1 

sin(l . 2566t) 

None 

W0  = 0 

W1  = 0 

VI  = 0.1 

sin(l . 2566t) 

Kl,  K2 

W0  = 0 

K3,  K4 

W1  - 0 

W1  - 0.1 

sin(l . 2566t) 

None 

W0  = 0.5 

cos (1 . 2566t) 

W1  = 0 

VI  = 0.1 

sin(l . 2566t) 

Kl,  K2, 

W0  = 0.5 

cos(l. 2566t) 

K4 

W1  - 0 

These  plots  verify  the  effectiveness  of  the  algorithms  under  the 
condition  indicated  in  Table  4.1 
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5.  ADAPTIVE  IDENTIFICATION 
5.1  Introduction 


It  is  possible  to  operate  the  adaptive  control  system  described  in 
Section  4 in  an  identification  mode.  This  section  describes  an  identification 
algorithm  that  may  be  used  on  system  signals  recorded  during  testing.  Such 
a technique  may  be  used  to  identify 

(i)  friction  levels; 

(ii)  nonlinear  spring  terms 

(iii)  linear  spring  terms; 

(iv)  damping  terms;  and 

(v)  miscellaneous  gain  terms 

associated  with  the  inner  gimbal  assembly  and  pressure  loops.  The  necessary 
recorded  signals  are 

(i)  pressure  loop  electronic  commands; 

(ii)  pressure  loop  output  pressure; 

(iii)  inner-outer  gimbal  angle; 

(iv)  inner-outer  gimbal  angle  rate 

(if  available)  and 

(v)  outer  gimbal  rate  gyro  output. 

The  following  section  describes  the  adaptive  identification  technique. 

In  the  next  section  the  identif ication  equations  are  presented.  Simulation 
results  are  presented  in  the  following  section.  The  algorithm  is  summarized 
in  Appendix  C. 

5.2  Adaptive  Identification 

Lyapunov-based  designs  of  model-reference  adaptive  identification 
schemes  are  similar  to  the  Lyapunov-based  model-reference  adaptive  controllers 
described  in  Section  4.  The  primary  differences  are  that 

(i)  no  control  signal,  U,  is  generated  for  identification;  and 

(ii)  the  parameters  in  the  model  equations  are  adjustable. 

Excellent  references  for  adaptive  identification  are  (8)  and  (12).  This 
section  describes  the  technique  as  applied  to  the  inner  gimbal  assembly  of 
Figure  3.1. 
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Figura  5-1  depicts  a block  diagram  of  the  identification  technique. 

In  this  figure  the  plant  contains  unknown  parameters  (to  be  identified) 
and  the  model  contains  adjustable  parameters.  Both  the  model  and  the 
plant  receive  the  same  inputs  ("r"  in  Figure  5.1).  The  adaptive  identi- 
fication algorithm  adjusts  the  model  parameters  until  the  error  signal 
("e"  in  Figure  5.1)  goes  to  zero.  At  this  point  the  model  parameters 
are  assumed  to  be  equal  to  the  (unknown)  plant  parameters.  It  can  be 
shown  that  this  will  be  the  case  if  the  input  signal,  r,  is  periodic  and 
contains  a sufficient  number  of  frequencies.  Additional  details  of  this 
aspect  are  given  in  Section  5.3 

With  respect  to  the  plant  given  in  Figure  3.1,  we  assume  that  the 
parameters  G 2,  G3,  G4  and  G7  and  the  parameters  associated  with  FIS, 

F1C  and  Cl  are  unknown. 

Since  we  are  measuring  the  pressure  input  to  the  gimbal  loops  directly, 
we  need  not  be  concerned  with  the  dynamics  of  the  pressure  loop  as  in  the 
adaptive  control  case.  This  is  due  to  the  fact  that  no  control  signals 
are  injected  into  the  plant  for  identification  purposes.  Identification 
data  is  recorded  as  the  system  is  operating  with  normal  input  signals. 

The  model  used  for  identification  is,  in  all  practical  respects, 
structured  identically  to  the  plant  except  that  the  parameters  in  the 
model  are  adjustable.  The  model  gains  are  adjusted  by  the  adaptive  identi- 
fication algorit.mi  which  is  presented  in  the  following  section  and  summari- 
zed in  Appendix  C.  During  identification,  we  are  assured  by  our  choice 
of  identification  algorithms  that  the  model  parameters  will  asymptotically 
approach  the  same  values  as  the  corresponding  plant  parameters. 

5.3  Identification  Algorithm 

In  this  section  we  present  the  equations  that  onstitute  the  Lyapunov- 
based  model-reference  adaptive  controller  for  the  inner  gimbal  assembly 
shown  in  Figure  3.1.  The  algorithm,  as  derived,  is  summarized  in  Appendix 
C.  As  in  the  case  of  the  adaptive  controller,  however,  the  final  algorithm 
to  be  used  on  actual  data  will  depend  on  several  factors,  including  noise 
levels  of  the  various  signals,  the  characteristics  of  the  system  input 
signals  and  the  severity  of  the  system  nonlinearities. 
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r s reference  input 
Xp  = plant  output 
X^  = model  output 
e = error  signal 


■KT3ac. 


The  model  differential  equation  used  for  identification  is  somewhat 
more  complex  than  the  model  used  for  control.  This  is  primarily  due  to  the 
fact  that  system  nonlinearities  appear  in  the  identification  model  and  not 
in  the  control  model.  The  identification  model  is  given  by 


where 

EMI,  EM2  are  the  model  state  variables; 

AN1,  AN2  are  adjustable  gains; 

BM,  CM  are  adjustable  matrices,  defined  below; 

El,  El,  V6,  WO,  and  VI  are  system  signals  as  depicted  in  Figure  3.1 
F2,  CIS  are  defined  below 

The  matrices  BM  and  CM  are  of  the  form 


The  functions  F2  and  CIS  are  given  as  before  by 

JSign  (El)  if  EI^O 

Sign  (EM2)  if  E*I  = 0 

and  .. 

CIS  = EIJ 
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As  in  Section  4.3,  we  define  the  error  signal  E as 


Defining  HI  as  before, 

H = P12«E1  + P22-E2 
it  can  be  shown  that  if  we  pick 

AN1  = - C-AM1*  HI*  El 
AN2  = - GAM2*H1*EI 
3M1  = - GAM3*H1*V6 
CM1  = - GAM5»H1»F2 
CM2  = - GAM6‘ Hl»  CS1 

then  we  are  assured  that  the  error  term,  E,  will  tend  asymptotically  to 
zero  (initial  conditions  for  AN1 , AN2 , BM1 , BM2 , CM1  and  CM2  are  chosen 
to  be  the  designers  best  a-priori  guess  of  the  quantities  G3,  G4 , G2 , G7 , 
Coloumb  friction  level,  and  C5 , respectively).  The  intent  is  to  drive  the 
adjustable  model  parameters  to  the  value  of  the  unknown  plant  parameters  and 
not  necessarily  to  drive  E to  zero  in  the  identification  scheme.  It  may 
be  shown  that  if  the  signals  VI,  WO,  and  W1  are  periodic  and  linearly  in- 
dependent over  the  interval  (0,00)  then  the  adjustable  parameters  AN1, 

AN2,  BM1,  BM2,  CM1 , and  CM2  will  converge  to  G3,  G4,  G2 , G7 , Coloumb 
friction  level  and  C5  respectively  (refer  to  (12)). 

The  algorithm  is  summarized  in  Appendix  C. 

5.4  Simulation  Results 

In  this  section  we  present  a typical  parameter  identification  result. 
Figures  5.2,  5.3  and  5.4  depict  the  time  histories  of 

D1  = AN1  -G3 

D2  = AN 2 -G4 

& 

D3  = 3M1  - pressure  loop  gain 

(note  that  we  are  using  BM1  to  identify  the  entire  pressure  loop  gain  and 
not  just  G2  in  this  simulation  - the  pressure  loop  gain  is  assumed  to  be 
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unity  for  simulation  purposes).  In  these  figures  we  are  using  the  algorithm 
of  Appendix  C to  identify  the  parameters  G3,  G4  and  the  pressure  loop  gain. 
System  inputs  are  given  by 

VI  = 0.1  sin(l . 1255t)  +0.3  cos(18.81t) 

W0  = 0. 

W1  = 0. 

Since  the  terms  Dl,  D2  and  D3  represent  identification  errors,  it  may  be 
concluded  that  the  algorithm  identified  these  three  parameters  in  less 
than  five  seconds. 
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The  simulation  results  presented  in  this  report  were  obtained  using 
an  integration  routine  known  as  MIMIC.  A sample  adaptive  identification 
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shown  in  Section  4.  Only  slight  modifications  were  made  to  generate  the 
plots  of  Section  5. 
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INITIAL  CONDITIONS: 


Ki0 

best 

guess 

of 

’<20 

best 

guess 

of 

K50 

best 

guess 

of 

K40 

best 

gU63S 

of 

K5o 

best 

guess 

of 

K.6 

0 

best 

guess 

of 

-(G3  - 2-6.) 

- (G4  - 12.) 

- (pressure  loop  gain  - L) 

- (G7) 

- (Colcumb  friction  le'^i) 
-(CS) 


CONTROLLER: 

U - (K1*EI  + K2* SI  + K3.V1  + K4-W1  + K5- F2  -r  X6* CSl)- 1T8.5" 


The  numerical  values  of  the  model  parameters  and  various  gaits  are 
to  adjustaent  as  test  data  Is  obtained. 
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APPENDIX  C 

IDENTIFICATION  ALGORITHM 


The  following  summarizes  the  six  parameter  identification 
algorithm  derived  in  Section  5. 


MODEL: 

EMI  = EM2  - W0 

EM2  = -(AN1-36)«EI-(AN2-12).EI 
-36*  EMI-12*  EM2  + BM1.V1 
+BM2*W1  - CM1*F2  - CM2*CS1 

where 

(0.2  . sign  (El)  if  El  # 0 
F2  = < 

(0.4  • sign  (EM2)  if  El  - 0 
CS1  = El3 


ERRORS: 

El  = EMI  - El 

E2  = EM2  - El 

PARAMETERS : 

J1  = 5.6  x 107.  El  + 1.72  x 10®  E2 

AN1  = -Jl. El *333. 33 

AN2  = -Jl* El *163. 333 

BM1  = J1*V1* 0.225 

BM2  - J1*W1* 0.225 

CM1  = -Jl*  F2 ♦ 5 x 10-4 

CM2  - -J1*CS2  *5  x 10'4 

INITIAL  VALUES: 

AN1q  best  guess  of  G3 

AN2q  best  guess  of  G4 

AN3q  best  guess  of  G2 

AN4q  best  guess  of  G7 

AN50  best  guess  of  Coloumb  friction  level 

AN6q  best  guess  of  CS 
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ABSTRACT 

The  generation  of  a phase  conjugate  wave  at  10y  through  the 
third  order  nonlinear  interaction  of  degenerate,  four  wave  mixing 
has  been  investigated  experimentally.  Conjugate  waves  have  been 
observed  in  germanium  and,  for  the  first  time,  in  molecular  gases. 

Using  a TEA  CO2  laser,  a conversion  efficiency  of  3%  has  been 
observed  in  germanium.  The  nonlinear  susceptibility  has  been  cal- 
culated to  be  2x10" 9 esu. 

Conjugate  wave  generation  in  NH3  has  been  measured  as  a 
function  of  pressure  for  several  of  the  CO2  laser  lines.  In 
CCI2F2/  a resonant  effect  in  the  nonlinear  susceptibility  has 
been  observed  by  varying  the  laser  frequency  in  the  region  of 
a sharp  molecular  absorption  edge.  And  in  NF3,  0.1%  conjugate 
wave  conversion  efficiency  has  been  obtained.  The  value  of 
the  nonlinear  susceptibility  for  the  molecular  gas  measurements 
was  on  the  order  of  10“10  esu. 

These  experiments  demonstrate  the  feasibility  of  measureable 
conjugate  wave  generation  in  molecular  gases  at  lOy  and  indicate 
directions  for  future  experimental  and  theoretical  study. 
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I.  INTRODUCTION 


Propagation  of  an  optical  beam  through  an  inhomogeneous  medium,  such  as 
the  atmosphere,  results  in  distortion  of  the  optical  wavefronts  and 
degradation  of  the  beam  quality.  This  wavefront  distortion  can  lead  to 
severe  limitations  on  the  extent  over  which  an  originally  collimated 
optical  beam,  such  as  a laser  beam,  can  be  propagated,  and  of  the  ability 
to  focus  that  beam  onto  some  target. 

One  means  of  compensation  for  laser  beam  distortion  due  to  propagation 
through  an  inhomogenous  medium  is  that  known  as  nonlinear  adaptive 
optics.^  This  scheme  makes  use  of  a phase  conjugate  wave  generated 
through  a nonlinear  interaction  in  an  appropriate  material.  The  phase 
conjugate  wave  is  a time-reversed  replica  of  a given  wave,  and  will  there- 
fore "undo"  all  distortion  encountered  by  that  given  wave.  The  process 
which  makes  use  of  this  phase  conjugate  property  to  compensate  for  dis- 
tortion is  outlined  in  Figure  1.  In  (A),  an  originally  well  defined  probe 
beam  is  propagated  backward  through  the  inhomogeneous  medium.  For  this 
now  distorted  probe  beam,  a phase  conjugate  or  time-reversed  wave  is  gen- 
erated, which  in  (B)  propagates  through  the  medium  in  the  forward  direction 
and  emerges  as  a,  once  again,  well  defined  beam.  To  deliver  appreciable 
power  in  the  forward  direction,  amplification  of  the  phase  conjugate  wave 
can  be  done  without  necessarily  limiting  the  distortion  compensation. 

This  amplification  may  even  take  place  in  the  nonlinear  interaction  itself 
under  appropriate  conditions. 

The  nonlinear  interaction  most  readily  used  to  generate  a conjugate  wave, 
and  that  with  which  the  present  study  is  concerned,  is  degenerate,  four 
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Figure  1.  Wavefront  distortion  due  to  propagation  through  an 
inhomogeneous  medium  can  be  compensated  by  (A)  allowing  a probe 
beam  to  propagate  backward  through  the  distorting  medium  and 
then  (B)  generating  a time-reversed  replica  of  the  distorted 
probe  which  propagates  in  the  forward  direction. 
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Figure  2.  Conjugate  wave  generation  through  d -:c  enerate  four  wave 
mixing  is  done  with  two  strong  counter -propagating  pu.tr  beans 
and  an  input  object  wave,  all  of  the  sane  frequency  ans  overlap- 
ping in  the  nonlinear  medium.  Cne  image  wave,  phase  conjugate  to 
tne  object  wave,  is  generated  by  the  four  wave  mixing  process. 
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Other  conjugate  wave  generation  experiments  have  been  done,  using  three 

8 

wave  mixing  in  a lithium  formate  crystal,  with  stimulated  Erillouin  scat- 
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tering,  and  stimulated  Raman  scattering. 

II . THEORETICAL  OUTLINE 

The  phase  conjugate  wave  has  the  property  that  its  complex  amplitude  is 
everywhere  the  complex  conjugate  of  the  given  wave.  With  this  given  wave 
described  by  a scalar  electric  field 

E(r,t)  = E(r)e  iut+  E (r)eiwt  (l) 

the  conjugate  wave , according  to  the  above , is  given  by 

Ec0nj(?.t)  = £*(r)e-iu)t  + E(?)eia)t  (2) 

and  it  is  clear  that  E (r,t)  is  just  E(r,-t),  making  exnlicit  the 

conj 

time-reversed  nature  of  the  conjugate  wave. 


The  four  wave  mixing  interaction  is  described  by  the  third  order  electric 

(3) 

susceptibility,  x » a third  rank  tensor,  defined  by  the  relation 


- x(3)iyy3 


(3) 


where  is  the  nonlinear  polarization  resulting  from  the  mixing  of 

the  three  applied  electric  fields  E.  „ , For  conjugate  wave  generation 

through  degenerate  mixing,  ^ire  taken  as  the  counter-propagating  pump 
waves , having  the  form 

i(±kx-oot)  c i(+kx-ut) 


E e 
P 


+ E e 
P 


(4) 
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where  E can  be  taken  as  a real  quantity.  E„  is  the  object  wave, 
assumed  to  have  the  form  of  (l),  namely 


E (?)e"iut  + E *(?)eill)t 
o o 


Using  (i)  and  (5)  in  (3)  results  in  terms  in  P at  frequencies  ±u 
and  ±3(o.  The  component  at  u>  , corresponding  to  degenerate  mixing  is 
given  by 

(NL)-  . (3)/  \ p i(kx-iot)_  i(-kx-(ot)r  i<ot 

p.  U)  = X.-  = u+w-w  E e E ,e  'E  . (r)e 

1 Aijkl  p,j  p,k  o,lv 

_ (3)  / , r p -iut  (6) 

- XiJkl((o=(o+lo-<o)EpJEpjkEo>1(r)e 

( 

where  the  subscripts  refer  to  polarization  directions.  Note  that  P ' ' (u) 
carries  the  phase  information  of  the  object  wave,  but  as  the  conjugate 
wave  given  in  (2). 


Plow  using  Piaxwell's  wave  equation  with  the  nonlinear  source  term  of  (6) 

2 2 2 . *2  (NL) 

7 e - Sg  LI  = iiH  LI , 

c at2  C2  at2 


the  wave  equation  reduces  to 


^r(Z\  noj  rr-\  _ Wco  (3),  % n2 _* 


V E(r)  + E(r) 

c 


rEo(?) 


This  equation  can  be  solved  for  each  plane  wave  component  of  E(r)  and 

* _ 

Eq( r).  If  the  change  in  amplitude  of  each  component  of  E(r)  is  small  on 
the  scale  of  a wavelength,  if  the  pump  waves  are  not  depleted  so  that  E^ 
can  be  taken  to  be  constant,  and  if  the  generated  wave  E(r)  is  small 


compared  to  E ( r),  an  approximate  solution  to  (8)  is  given  by 

E(?)  = i ^x(3,M  Ep2  L E*C?)  (9) 

where  L is  the  dimension  of  the  pumped  region  perpendicular  to  the  direction 

of  propagation  of  the  object  wave,  EQ(r).  A further  assumption  has  been 

# _ 

made  that  all  plane  wave  components  of  EQ(r)  interact  with  the  pumped  region 
over  the  same  distance  L.  Also  (9)  only  applies  to  the  generated  wave  in 
the  region  beyond  the  nonlinear  interaction. 


In  (9)  it  can  be  seen  that  the  nonlinear ly  generated  wave  E(r)  bears  the 
phase  conjugate  relationship  to  the  object  wave  with  an  amplitude  that 
depends  on  the  pump  intensity,  the  object  wave  intensity  and  the  inter- 
action length  as  well  as  the  nonlinear  susceptibility.  Phase-matching  has 
been  used  in  obtaining  (9)  in  the  assumption  that  the  plane  wave  com- 

ft  __ 

pcnents  of  E(r)  and  E (r)  have  wave  vectors  of  equal  magnitude. 

o 


In  terms  of  intensities,  (9)  becomes 


M J I r.2  , 2 t 


w IX 


where  intensity  is  related  to  electric  field  by  I = (cn/8ir)  E . 


The  nonlinear  susceptibility  x " (<o  * m+io-tu)  derived  quantum  mechani- 

13 

cally  with  perturbation  theory  contains  terms  of  the  form 


tdf 3 E 


V*gk  bkj  Ujj  Ujf 


ijk  C to.  -ui-i  T.  /2)  (oj,  -2u-ir , /2)  (m.  -io-ir.  /2) 
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where  N is  the  density  of  atoms  or  molecules,  i,  J,  k,  run  over  the 


energy  eigenstates  of  the  system,  g is  the  ground  state,  fen  is  the 

ig 
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energy  of  the  i—  level  above  the  ground  state,  and  F.  is  the  linewidth 

ig 

of  the  i -*■  g transition.  In  most  gaseous  systems,  the  sum  over  ijk  is 

dominated  by  a relatively  small  number  of  terms  for  vhich  the  denominator 

is  small.  In  the  case  that  w is  equal  or  nearly  equal  to  an  allowed 

transition  frequency  from  the  ground  state  (one  photon  resonant),  or 

when  2to  approaches  an  allowed  transition  (two  photon  resonant),  y ' 
becomes  resonantly  enhanced. 


In  the  case  of  a molecular  system  with  one  molecular  vibration  frequency 
nearly  matched  to  the  applied  frequency,  both  one  photon  resonance  and 
two  photon  resonance  will  occur  due  to  the  nearly  equal  spacing  of  vi- 
brational energy  levels.  In  such  a case,  all  three  factors  in  the  de- 
nominator of  (11)  become  small  and  very  substantial  enhancement  of 
(3) 

X is  possible.  Although  exact  resonance  is  restricted  by  resonant 
absorption,  enhancement  by  a factor  of  at  least  10 ^ can  be  expected 
with  much  larger  factors  theoretically  possible.  In  practice,  these 
large  enhancement  factors  probably  mean  that  phase  conjugation  in  mol- 
ecular systems  will  only  be  observed  under  near  resonant  conditions. 

Ill  GERMANIUM  EXPERIMENTS 

To  become  familiar  with  equipment,  experimental  procedures  and  problems, 
preliminary  experiments  involved  degenerate,  four  wave  mixing  at  10. 6p 
in  germanium.  One  such  experiment  has  been  done  very  recently  at  Los 

lU 

Alamos  Scientific  Laboratory.  This  experiment  has  been  successfully 
repeated  at  AFVL  and  the  experimental  set-up  used  at  AFWL  is  shown  in 
Figure  3.  A Lumonics  Model  103  TEA  C0o  laser  provided  the  source  of 
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Figure  3.  Geometry  used  to  observe  conjugate 
wave  generation  at  10.6y  in  germanium,  with  the 
inverted  output  coupler  of  a TEA  CC2  laser . 


nate  the  long  tail  in  the  output  pulse  and  delivered  up  to  0.5J,  depend- 
ing on  the  output  coupler,  in  a 200  ns  pulse  with  a bears  size  of  about 
7mm.  In  this  first  experiment , an  8.5$!  germanium  output  coupler  was 
mounted  external  to  the  laser  plasma  tube,  and  in  an  inverted  confi- 
guration with  the  1 cm  germanium  substrate  inside  the  cavity.  The  in- 
ternal laser  oscillation  then  provided  the  counter-propagating  pump 
beams  for  the  germanium.  The  output  of  the  laser  was  then  directed 
back  through  the  germanium  with  a beamsplitter.  The  conjugate  image 
wave  was  detected  behind  this  same  beamsplitter  with  a Molectron  ?b-J0 
pyroelectric  detector,  the  output  of  which  was  read  directly  from  an 
oscilloscope  trace.  Shot  to  shot  variation  in  the  mode  structure  of 
the  CC„  laser  led  to  substantial  variation  in  the  observed  output. 

Signal  levels  reported  are  a visual  average  of  the  largest  signals 
observed  and  carry  an  uncertainty  of  probably  25$.  In  this  first 
germanium  experiment,  with  a laser  output  of  5C0  kW,  the  image  wave 
was  observed  to  be  about  3$  of  the  object  wave. 

A similar  experiment  was  done  with  a separate  piece  of  AR  coated  ger- 
manium inside  the  laser  cavity.  A 35$T  output  coupler  was  used, 
giving  a laser  output  of  600  kW  with  the  3.15cm  germanium  slat  inser- 
ted into  the  cavity.  The  object  wave  intensity  in  this  case  was 

about  1.1  tv.  Using  (10),  the  third  order  susceptibility  was  deter - 

_c 

mined  to  be  about  2x10  esu.  This  is  in  very  reasonable  agreement 
with  previous  similar  measurements.^ 
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One  interesting  demonstration  was  done  using  conjugate  wave  generation 
in  germanium.  In  this  experiment,  the  object  wave  was  diverged  with  a 
lens  before  reflecting  from  the  beam  splitter  and  entering  the  germa- 
nium. The  beam  characteristics  of  the  emerging  image  wave  were  then 
investigated,  and  the  beam  was  found  to  refocus,  coming  to  a minimum 
width  with  maximum  intensity  at  a location  consistent  with  the  focal 
length  of  the  lens  used  to  diverge  the  image  wave.  This  expeirment 
gives  direct  confirmation  and  a very  clear  demonstration  of  the  time- 
reversed  nature  of  the  nonlinearly  generated  phase  conjugate  wave. 

In  one  other  expeirment  with  the  3.15cm  intracivity  AR  coated  germa- 
nium, the  input  object  wave  was  omitted  and  a low  loss  optical  cavity 
constructed  with  its  axis  intersecting  the  pumped  region  of  the  ger- 
manium, as  shown  is  Figure  b.  In  this  configuration,  with  sufficient 
parametric  gain  in  the  pumped  region  of  the  germanium,  oscillation  within 
the  second  cavity  can  be  established.  Oscillation  is  initiated  by  sur- 
face as  well  as  spontaneous  parametric  scattering  and  is  maintained  by 
amplification  through  the  four  wave  mixing  process.  Transmission  through 
one  of  the  cavity  reflectors  provides  oscillator  output  and  means  of 
detection.  In  this  experiment,  there  was  evidence  of  oscillation  al- 
though it  was  not  entirely  conclusive.  With  a laser  cavity  power  of  UMW , 
a well  collimated  output  was  observed  which  depended  very  critically  on 
alignment  of  the  oscillator  cavity  mirrors,  but  which,  however,  lacked 
a clearly  defined  threshold.  Calculations  indicated  that  parametric 
oscillation  should  have  been  possible,  but  losses  in  the  oscillator  cav- 
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Figure  4.  Schematic  for  a degenerate,  parametric 
oscillator  at  10. 6u  using  four  wave  mixing  in 
germanium. 


ity  due  to  absorption  in  the  germanium  and  degradation  of  the  germanium 
AR  coating,  which  were  not  taken  into  account,  may  have  been  substan- 
tial and  prevented  oscillation.  Laser  output  was  considerably  reduced 
with  insertion  of  the  germanium  into  the  laser  cavity,  indicating  ab- 
sorptive loss,  and  surface  damage  to  the  germanium  was  evident  after 
several  shots  even  at  moderate  power  levels. 

Conjugate  wave  generation  was  attempted  with  two  other  materials.  A 
signal  comparable  to  that  observed  with  germanium  was  seen  using  a 5cm 
long  AR  coated  GaAs  single  crystal.  But  in  a 6.4mm  sample  of  ZnSe , 
no  conjugate  wave  generation  was  observable. 


42-16 


aCJEKT  ZSXJ1TJ  \rz* 


\ 

IV  MOLECULAR  GAS  EXPERIMENTS 

Conjugate  wave  generation  experiments  were  carried  out  in  a number 
of  molecular  gases  with  absorption  bands  in  the  vicinity  of  the  C02  laser 
frequencies.  The  proximity  of  vibrational  transitions  and  molecular  ab- 
sorption to  the  laser  frequency  leads  to  enhancement  of  the  nonlinear 
susceptibility  through  the  resonant  denominators  of  (ll). 

The  experimental  set-up  used  for  these  experiments  is  shewn  in 
Figure  5.  A 35cm  gas  cell  with  AP.  coated  ZnSe  windows  was  placed  intra- 
cavity in  the  CO 2 laser,  which  was  again  operated  without  nitrogen.  A 
50*T  output  coupler  was  used  to  keep  intracavity  intensities  low  and 
prevent  damage  to  the  ZnSe  AH  coatings.  With  the  cell  filled  with  air, 
or  evacuated,  the  laser  output  was  typically  2 MW.  With  a beamsplitter 
and  mirror  arrangement,  one  half  of  this  output  was  directed  back 
through  the  cell,  making  an  angle  of  about  3°  with  the  intracavity  beam 
direction.  Because  of  the  relatively  small  angle,  the  detector  was 
placed  at  a distance  of  about  1m  from  the  beamsplitter  with  two  inter- 
vening apertures  to  reduce  the  strong  background  signal  resulting  from 
looking  with  the  detector  nearly  down  the  CO2  plasma  tube.  This  back- 
ground signal  was  reduced  to  a level  equivalent  to  an  image  wave  in- 
tensity equal  to  about  10- 5 of  that  of  the  object  wave.  No  thorough 
attempt  was  made  to  optimize  the  positions  of  the  apertures  and  detector 
so  that  the  measured  signals  give  lower  limits  to  the  conjugate  wave 
conversion  efficiency  rather  than  absolute  values. 

Measurements  were  made  in  several  gases  , both  as  a function  of 
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Figure  5.  Experimental  set-up  used  to  observe 
conjugate  wave  generation  in  molecular  gases. 
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gas  pressure  at  fixed  frequency  and  as  a function  of  laser  frequency. 
For  the  variable  frequency  measurements , the  C02  laser  cavity  total 
reflector,  radius  of  curvature  of  400cm,  was  replaced  by  an  AR  coated 
ZnSe  lens  with  a focal  length  of  508cm  and  a diffraction  grating.  The 
grating  allowed  line  tuning  of  th  C02  output  over  substantial  portions 
of  both  the  10. hy  and  9*4y  bands  with  megawatt  output. 


Ammonia 

The  v2  vibration  of  NH3  forms  a broad  absorption  band  from  about 
TOO  cm-1  to  1100  cm-1  with  rotational  structure  resolved  at  low  pres- 
sure in  each  of  the  P,  Q and  R branches.16  The  untuned  CC2  laser  out- 
put at  944cm"1  on  the  P-20  line  of  the  10. 4y  band  falls  in  about  the 
center  of  this  NR 3 absorption  band,  between  the  two  components  of  the 
inversion  doubled  Q,  branch.  Figure  6 is  a plot  of  the  conjugate 
wave  signal  as  a function  of  NE3  pressure  for  the  untuned  C02  laser 
output.  The  signal  level  recorded  is  again  an  average  of  the  larger 
signals  observed,  a wide  variation  being  caused  by  poor  consistency 
in  beam  characteristics.  Laser  output  power  as  a function  of  I»'K3 
pressure  is  also  shown  in  Figure  6.  It  is  believed  that  the  laser 
oscillated  on  the  P-20  line  throughout  this  measurement  although  that 
was  not  directly  confirmed. 


From  Figure  6,  it  is  seen  that  as  HH3  pressure  was  increased, 
the  conjugate  wave  signal  at  first  increased  and  then  fell  off  at 
higher  pressure.  The  initial  rapid  increase  can  be  attributed  to 
the  dependence  of  the  nonlinear  susceptibility  on  density,  shown  in 
(ll),  and  the  quadratic  dependence  of  the  conjugate  wave  signal  on 
susceptibility  in  (10).  However,  pressure  broadening  of  the  am- 
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Figure  6 . Conjugate  wave  power  and  laser 
output  power  at  10. 6p  in  NK3  as  a function 
of  gas  pressure. 


42-20 


LASER  POWER,  MEGAWATTS 


. 


nionia  absorption  lines  eventually  limits  conjugate  vave  generation  in 
several  possible  ways.  Direct  absorption  of  the  conjugate  wave  will 
increase  with  line  width  as  the  line  begins  to  overlap  the  laser  fre- 
quency. Line  broadening  can  also  lead  to  absorption  of,  and  satura- 
tion by,  the  pump  beams  and  the  object  wave.  This  effect  is  indicated 
by  the  decreasing  laser  output  with  increasing  RH3  pressure  seen  in 
Figure  6.  Finally,  the  nonlinear  susceptibility  in  (ll)  decreases  with 
linewidth  if  the  frequency  is  within  about  a linewidth  of  the  re- 
sonant frequency.  It  is  probable  that  all  of  these  linewidth  effects 
contributed  to  some  degree  to  the  observed  behavior. 

At  the  peak  in  the  conjugate  wave  signal  at  6 0 torr , the  in- 
tensity was  measured  to  be  about  150W.  For  an  input  object  wave  of 
400  kW,  half  the  laser  output  at  6C  torr,  this  is  a conversion  ef- 
ficiency of  .0h%.  Using  an  interaction  length  of  10cm,  the  nonlinear 
susceptibility  at  .944cm-1  in  NE3  at  60  torr  is  found,  from  (10),  to 
be  about  2xl0-11  esu.  This  number  should  be  taken  as  a lower  limit  due 
to  the  lack  of  optimal  conditions  in  these  experiments. 

With  the  laser  in  the  line  tunable  configuration,  the  pressure 
dependence  of  the  conjugate  wave  signal  was  investigated  for  several 
other  C02  laser  lines.  Table  1 gives  the  maximum  observed  signal  for 
several  C02  lines,  along  with  the  laser  output  and  EE3  pressure  at 
maximum  signal.  It  is  known  that  several  of  the  C02  lines17  are  in 
near  coincidence  with  vibration- rotation  lines  in  the  v2  absorption 
band  of  NE3. 18  These  lines,  several  of  which  are  given  in  Table  1, 
are  on  the  order  of  1000  MHZ  from  NK3  absorption  lines,  and  using  an 
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pressures  in  the  range 


average  pressure  broadening  of  25  MHZ/torr, 19 
of  UO  torr  will  broaden  lines  sufficiently  to  overlap  the  laser  lines. 
The  pressures  listed  are  generally  consistent  with  this  broadening, 
although  there  is  no  obvious  explanation  for  the  very  low  values  for 
the  P-32  and  P.-8  lines.  The  situation  is  actually  quite  complicated 
and  a detailed  explanation  of  the  data  in  Table  1 is  not  possible 
at  present.  A theory  of  conjugate  wave  generation  with  absorption2 “must 
be  used  where  the  nonlinear  susceptibility  arises  from  a distribution 
of  vibration- rotation  lines  with  separate  resonant  frequencies,  os- 
cillator strengths  and  linewidths.  Further,  with  differing  signs  of 
the  various  contributions  to  the  nonlinear  susceptibility,  inter- 
ference effects  nay  become  important. 

Freon  12 

A somewhat  simpler  situation  than  for  ammonia  is  encountered  with 
CCI2F2,  Freon  12.  This  molecule  has  a broad,  mostly  unresolved  ab- 
sorption band  centered  at  about  900cm-1  with  a relatively  sharp  ab- 
sorption edge  at  9^0cmr1  21  Using  the  laser  in  the  line  tunable  con- 
figuration, the  conjugate  wave  signal  was  measured,  for  several  gas 
pressures,  as  a function  of  frequency  as  the  frequency  approached  this 
absorption  edge.  For  this  purpose,  several  of  the  P branch  CC2  lines 
in  the  10.1+p  band  were  used.  A high  resolution  absorption  spectrum 
of  Freon  12  around  9^0cm-1  is  shown  in  Figure  7(A)  and  the  conjugate 
wave  signal  as  a function  of  wave  number  for  pressures  form  1 to  8 torr 
is  plotted  in  Figure  7(B).  The  most  striking  observation  to  be  made 
from  these  data  is  the  resonant  effect  in  the  nonlinear  susceptibility. 
At  each  pressure,  the  conjugate  wave  signal  increases  significantly 
as  the  absorption  edge  is  approached.  Uaser  power  was  maintained 
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constant  to  the  extent  possible , although  for  the  lowest  wave  number 
measurement  at  each  pressure,  the  power  did  decrease.  However,  this 
was  still  the  wave  number  at  which  maximum  or  near  maximum  signal  was 
observed.  Laser  oscillation  was  entirely  quenched  for  the  next  CC^line 
of  lower  wave  number  beyond  the  last  data  point  shown  at  each  pressure. 

The  maximum  signal  observed  in  Freon  12  was  kOCVI  for  the  P-26 
line  at  4 torr.  The  laser  output  power  for  this  measurement  was 
2 MW  with  1MW  for  the  input  object  wave. 

flitrogen  Tri fluoride 

The  situation  in  NF3  is  similar  to  that  in  Freon  12.  The  V3 
absorption  band  of  NF322  is  centered  at  about  9C0cm-1and  is  mostly 
unresolved.  At  low  pressure  the  band  extends  to  9tCcm-1  on  the  high 
wave  number  end,  close  to  the  P-20  CO2  laser  line.  Conjugate  wave 
measurements  were  made  in  UF 3 as  a function  of  pressure  with  the  laser 
untuned  and  operating  on  the  P-20  line.  Figure  8 shows  the  results. 

A large  signal  was  observed  in  the  range  from  60  to  65  torr.  The  laser 
output  at  this  pressure  was  TOCkW,  yielding  an  efficiency  of  0.17. 

Using  (10),  this  gives  a value  for  the  nonlinear  susceptibility  of 
5x10“ 10  esu.  This  result  can  be  shown  to  be  in  reasonable  agreement 
with  a simple  classical  calculation  of  the  nonlinear  susceptibility  of 

Other  Gases 

Several  other  molecular  gases  were  briefly  investigated.  These 
were  done  with  the  laser  untuned  and  oscillating  on  the  F-20  line  at 
lC.6y. 


42-25 


- — — rm  ■ miibi  in  • »i  ■ 


40'  BO  120 

PRESSURE,  TORR 


Figure  8.  Conjugate  wave  generation  in  KF-j 
as  a function  of  pressure. 


In  SFg , where  there  is  a very  complex  line  structure  coincident 
with  the  CC2  laser  output,  a small  effect  was  observed.  The  conjugate 
wave  signal  peaked  at  about  3 torr.  Although  higher  SFg  pressures 
did  not  eliminate  laser  oscillation,  this  small  low  pressure  effect 
would  probably  be  expected  on  the  basis  of  the  coincidence  of  the 
laser  and  absorption  lines  and  the  resulting  absorption  and  saturation 
effects.  Similar  to  SF6 , a small  effect  was  seen  in  EClj.  "aximum 
signal  in  this  case  was  observed  for  pressures  less  than  1 torr. 

In  Freon  21,  a moderate  effect  peaked  toward  high  pressure  and 

was  still  increasing  at  200  torr,  the  limit  of  the  apparatus,  '"he 

2 1 

absorption  bands  in  Freon  21  in  the  vicinity  of  the  laser  output 
are  distant  by  about  100cm  *in  both  directions.  In  this  case,  the 
lack  of  a strong  resonant  effect  does  not  prevent  ar.  observable  con- 
jugate wave  signal.  An  alternate  explanation  may  be  in  impurities  in 
the  gas  sample.  A purity  of  99?  for  Freon  21  is  claimed  by  one  prin- 
ciple producer. 

Freon  ll6  showed  a very  small  conjugate  wave  signal  at  high 
pressure.  But  in  carbon  dioxide  and  in  methyl  fluoride  no  effect  was 
observed.  In  both  C02  and  CHsF  strong  absorption  is  well  removed 
from  the  laser  frequency,  precluding  a resonant  effect  in  the  nor.linea 
susceptibility  and  a measureable  conjugate  wave  signal. 

In  conclusion,  it  should  be  emphasized  that  all  of  the  foregoing 
results  are  very  preliminary  and  are  most  useful  in  indicating  di- 
rections for  further  study.  It  has  been  shown  that  conjugate  wave 
generation  is  observable  in  molecular  gases  in  the  infrared.  This 
has  been  accomplished  at  megawatt  power  levels  where  ar.  infrared 


absorption  is  in  the  vicinity  of  the  laser  line,  resonantly  enhancing 
the  nonlinear  susceptibility.  Calculated  values  of  the  nonlinear 


_ 1 o 

susceptibilities  in  these  experiments  are  on  the  order  of  10  to 
10  12  esu.  The  resonant  effect  has  been  clearly  demonstrated  by  ob- 
serving the  conjugate  wave  signal  while  line  tuning  the  laser  output 

near  a strong  molecular  absorption  band.  So  while  this  report  pre- 
sents  data  in  a new  area  of  infrared  nonlinear  optics,  that  of  conju- 
gate wave  generation  in  molecular  gases  , detailed  analysis  awaits 
further  experimental  and  theoretical  work. 
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ABSTRACT 

Economical  considerations  in  the  design  of  protective  structures 
require  that  the  design  process  include  the  considerable  strength  which 
remains  in  the  construction  material  even  after  permanent  deformation  has 
occurred.  Reinforced  concrete  is  the  predominant  material  in  protective 
structures.  Although  a variety  of  theories  have  been  developed  to  describe 
post  yield  behavior  of  reinforced  concrete,  to  date,  there  has  been  quite 
limited  successful  application  of  these  theories  to  blast  and  shock  analysis. 

For  this  study,  two  promising  concrete  material  models,  the  endochronic 
model  and  the  elastic-plastic  strain  hardening-fracture  model,  were  considered 
as  possible  avenues  to  an  accurate  model  of  the  behavior  of  dynamically 
loaded  reinforced  concrete  structures.  Existing  finite  element  codes  for 
the  material  models,  which  had  been  developed  primarily  for  the  study  of 
compression  loaded  structures,  were  used  with  available  nonlinear  dynamic 
structural  analysis  programs  to  study  a dynamically  loaded  beam  which  had 
been  previously  investigated  experimentally . For  both  models  the  reinforcing 
steel  was  modelled  separately  from  the  concrete,  rather  than  having  the 
structural  properties  of  the  steel  and  concrete  "smeared." 

Since  both  material  codes  had  been  previously  used  primarily  for 
compressive  loadings,  errors  were  expected  when  the  possibility  of  tensile 
cracking  was  added  to  the  material  behavior,  and  several  were  found.  Although 
several  corrections  and  alterations  have  been  added  to  the  codes,  currently 
neither  of  them  is  capable  of  simulating  the  experimental  beam  behavior. 
Additional  study  and  possible  modifications  are  needed  before  either  of  these 
approaches  can  be  declared  a comprehensive  model  of  non-linear  concrete  behavior. 
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NOMENCLATURE 


A material  constant  used  in  the  elastic-plastic-strain 

u hardening-fracture  model;  different  for  tension-compression 

and  for  compression-compression  stress  state. 

r ultimate  uniaxial  compressive  stress  of  concrete  test  cylinder 

ft  uniaxial  tensile  cracking  stress 

first  invarient  of  the  strain  tensor 

second  invarient  of  the  stress  tensor 

P beam  load,  kips 

r, z coordinate  axes 


d matrix  containing  the  accelerations  of  all  node  points  for  the 

SAMSON 

p j/f  t 

F matrix  containing  external  forces  acting  on  the  node  points  for 

the  SAMSON  code 

Flnt  matrix  containing  internal  forces  acting  on  the  node  points  for 
the  SAMSON  code 

M lumped  mass  matrix  for  all  mode  points  for  the  SAMSON  code 

e uniaxial  strain 

equivalent  plastic  fracture  strain 

Cp  equivalent  plastic  strain 

zu  equivalent  plastic  ultimate  strain 

K material  constant  used  in  the  elastic-plastic  hardening- 

fracture  model;  different  for  tension-compression 
and  compression-compression  stress  states 

a uniaxial  stress 


Jl,2,3  principal  stresses 
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T 


effective  stress 


xo  effective  stress  at  which  nonlinear  behavior  first  occurs 

ultimate  effective  stress 


INTRODUCTION 


Due  to  the  growing  costs  associated  with  protective  construction, 
a conservative  elastic  design  approach  is  undesirable,  since  it  would 
result  in  an  overdesigned  and  overexpensi ve  structure.  Instead,  the 
design  philosophy  must  take  advantage  of  the  considerable  strength  which 
remains  in  the  construction  material  even  after  permanent  deformation  has 
occurred.  The  major  material  currently  used  in  protective  construction  is 
reinforced  concrete.  Although  a variety  of  theories  have  been  developed  to 
describe  post  yield  behavior  of  reinforced  concrete,  to  date  there  has  been 
quite  limited  successful  application  of  these  theories  to  blast  and  shock 
analysis . 

OBJECTIVE 


The  objective  of  this  research  effort  is  to  review  existing  analytical 
methods  for  analysis  of  the  inelastic  behavior  of  reinforced  concrete  subjected 
to  blast  and/or  shock  loading  and  to  evaluate  the  models  using  existing  exper- 
imental data.  The  evaluation  approach  primarily  involves  incorporating  prom- 
ising material  models  into  existing  dynamic  finite  element  programs  which  are 
then  used  to  model  the  experimental  conditions. 

CONCRETE  MATERIAL  PROPERITES 


Typical  stress-strain  curves  for  plain  concrete  subjected  to  uni- 
axial tension  and  uniaxial  compression  are  shown  in  Figure  1.  In 
tension,  concrete  behaves  as  a linear  elastic-fracture  material, 
exhibiting  no  significant  permanent  strain  before  it  fails  by  the 
formation  of  a crack.  The  behavior  of  the  material  in  compression,  however, 
is  somewhat  more  involved.  The  initial  linear  elastic  region  eventually 
develops  into  a non-linear  region.  This  behavior  is  the  result  of  the 
formation  of  microcracks  with  the  material,  causing  permanent  deformation 
and  a loss  in  stiffness  similar  to  the  strain  hardening  seen  in  metals. 
Continued  growth  and  intersection  of  these  cracks  decreases  the  stiffness 
of  the  concrete  until  a slope  of  zero  is  eventually  reached.  This  point 
is  defined  as  the  ultimate  compressive  strength  of  the  concrete  (f'). 

If  the  load  corresponding  to  this  stress  were  maintained,  the  concrete 
would  lose  stiffness  and  crush.  However,  if  the  concrete  specimen  is 
loaded  by  incrementing  strain  rather  than  stress,  resistance  to  deformation 
would  still  be  available  and  crushing  would  not  immediately  occur.  This 
portion  of  the  curve  depicts  the  strain  softening  phenomenon  of  concrete. 
Under  these  conditions , failure  does  not  occur  until  the  ul  timate  strai n (e  ) 
is  reached.  A similar  situation  would  exist  if  the  heavily  loaded  portion" 
of  a structural  member  were  able  to  transfer  part  of  its  loading  to  an 
adjacent  part  of  the  structure.  Since  this  type  of  load  redistribution 
is  extremely  important  in  inelastic  behavior  of  materials,  a realistic 
model  of  strain  softening  is  essential  when  the  strain  corresponding 
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to  the  ultimate  stress  is  exceeded.  If  the  concrete  is  subjected  to  a 
triaxial  or  biaxial  loading  rather  than  the  uniaxial  loading  considered 
here,  the  material  behavior  will  be  affected,  primarily  through  a 
strengthening  or  weakening  in  the  compressive  state  due  to  the  compression 
or  tension  stresses  on  orthogonal  planes. 

CONCRETE  MODELS 


Existing  analytical  models  for  the  inelastic  behavior  of  plain 
concrete  as  applied  to  static  problems  were  reviewed  recently  by 
PMB  Systems  Engineering,  Inc.  (ref.  1).  Based  on  comparisons  made  in 
that  study,  it  was  decided  to  center  attention  on  two  specific  models: 
the  linear  elastic-plastic  strain  hardening-fracture  model  developed  by 
Chen  and  Chen  (ref.  2),  and  the  endochronic  model  developed  by  Bazant  and 
Bhat  (3). 

The  linear  elastic-plastic  strain  hardening- fracture  model  appears 
to  be  the  best  to  date  of  a series  of  models  which  deal  with  the 
inelastic  behavior  of  concrete  using  the  plasticity  approach  developed 
primarily  for  use  with  metals.  The  method  postulates  an  initial  dis- 
continuous surface  in  three-dimensional  stress  space  which  represents 
the  end  of  the  elastic  region,  loading  surfaces  which  are  used  to 
relate  incremental  stress  and  strain  once  inelastic  behavior  begins, 
and  a failure  surface  which  represents  the  outmost  extreme  of  the 
loading  surface.  All  three  types  of  surface  are  defined  by  equations 
of  the  same  form: 


:( K2  J - 
3 2 


I-  + 1 I2  .1  +A  I ) 
1 ~ T2  1 3 u 1 


where 

x = t , a specified  value,  when  the  equation  represents 
the  initial  discontinuous  surface. 

t = tu,  a specified  value,  when  the  equation  represents 
the  failure  surface,  corresponding  to  ultimate 
stress . 

t = effective  stress  at  all  other  times  - it  corresponds 
to  the  new  discontinuous  surface  if  the  material  is 
being  loaded  into  the  plastic  region. 

K,  A are  material  constants  which  are  different  for  the 
u tension  compressive  stress  state  and  the  compression- 
compression  stress  state. 

J = the  second  invarient  of  the  stress  tensor 

2 

I = the  first  invarient  of  the  strain  tensor 
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The  initial  discontinuous  surface  and  the  failure  surface  are  depicted 
in  Figure  (2a);  the  more  easily  visualized  two-dimensional  case  is  shown 
in  Figure  (2b).  When  the  state  of  stress  lies  within  the  initial  dis- 
continuous surface,  the  material  is  assumed  to  be  linear  elastic;  if 
the  state  of  stress  is  between  the  two  surfaces, plastic  behavior  exists 
and  the  loading  surface  defines  a new  discontinuous  surface  which 
replaces  the  initial  discontinuous  surface.  Unloading  from  the  current 
discontinuous  surface  is  done  on  the  assumption  of  linear  elastic 
behavior,  but  loading  from  the  surface  involves  plastic  behavior  and  is 
defined  by  stress-strain  increment  relations  developed  directly  from 
the  loading  surface.  When  unloading  and  loading,  additional  plastic 
deformation  does  not  occur  until  the  current  loading  surface  is  reached. 

Note  that  in  the  pure  tension  region  of  Figure  (2b),  there  is  virtually 
no  difference  between  the  initial  discontinuous  surface  and  the  failure 
surface,  so  the  brittle  characteristics  of  concrete  in  pure  tension  is 
reflected  in  the  model. 

The  endochronic  model  is  a more  recent  development  for  modeling 
nonlinear  material  behavior.  In  this  model,  the  inelastic  strain 
accumulation  is  characterized  by  a scaler  parameter  called  intrinsic 
time.  The  intrinsic  time  parameter  can  be  defined  in  such  a fashion 
that  phenomena  such  as  strain  hardening,  strain  softening,  cyclic  loading, 
etc.  can  be  correctly  predicted.  The  intrinsic  time  parameter  defined 
in  reference  (5)  is  sufficiently  general  that  the  more  common  inelastic 
concrete  characteristics  are  represented.  Although  this  definition 
involves  a plethora  of  material  parameters  which  normally  would  be 
determined  through  an  optimization  process,  a study  of  a variety  of 
experimental  data  in  reference  (3)  indicated  that  only  the  uniaxial  ultimate 
compressive  stress  must  generally  be  adjusted  from  one  material  to  another. 

It  is  important  to  note  that  both  of  these  modes  were  developed  to 
reflect  the  predominantly  compressive  characteristics  of  concrete  since 
most  designs  would  avoid  the  low  tensile  strength  characteristics  of  the 
material.  Dynamically  loaded  structures,  however,  are  often  subjected 
to  stress  reversals,  so  that  the  tensile  behavior  of  the  concrete  could 
become  significant.  Thus,  the  success  of  either  of  these  approaches  in 
analyzing  a dynamically  loaded  structure  is  dependent  on  how  well  tension 
is  modeled. 

FINITE  ELEMENT  FORMULATION 

The  discussion  to  this  point  has  centered  on  the  problem  of 
duplicating  the  inelastic  behavior  of  plain  concrete.  In  order  to 
model  reinforced  concrete,  the  interaction  between  the  concrete  and 
the  reinforcing  steel  must  be  developed.  The  two  different  approaches 
commonly  used  to  mesh  the  steel  and  concrete  in  finite  element  programs 
are  shown  in  Figure  (3).  The  composite  element  model  "smears"  the 
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a crack  will  oe  any  strain  due  to  deformation  in  the  other  in-plane 
direction  (assuming  no  crack  has  formed  in  tnat  direction). 

The  effect  of  cracking  on  the  restrairto^  adjacert  node  points 
is  another  complication  which  is  dv'fituit  to  dec.1  v‘th  The  acceleration 
cf  a node  point  in  the  SAMSON  tormu’ ation  is  oefineu  by  th:  equation: 

d‘-  yj1  ( FfiXt  - F1nt  ) -21 

where 

d is  a matrix  containing  tne  acre > era cions  of  ? 1 ncte 
po  *»  ii  r.s  > 

M is  a global  lumped  mass  matrix  rcr  all  rode  points; 
cXt 

F *'s  a matrix  containing  externa'  forces  acting  oi.  the 
node  points : and 

F 1 is  a matrix  cjntairirg  internal  forcer  acting  on  the 
points . 

Equation  12)  implies  that,  fo-  _ne  most  corjron  case  where  no 
external  forces  are  applied  to  a nude  point,  instantaneous  clacking  of 
an  element  would  cause  an  imbalance  cf  internal  forces,  teg-inning  a 
complicated  interaction  process  w.V’ch  would  culminate  ;r  f-e  production 
of  an  unrestrained  motion  It  is  not  clear  now  tuts  cosset  11  if.y  can  oe 
accounted  for  unless  node  points  are  restrained  in  sore  ,:asnicn  a'-f.a*- 
crack'ng,  possibly  by  including  vertical  steel  reinforcement.  Frasent'y, 
no  accounting  is  being  made. 

ELASTIC-FLASTIC-iTIAI'i  -iAPDE'IINli  MODEL 


The  finite  element  fornnula cion  -‘or  the  a' astic-p'ast.ic-strair 
hardening-fracture  material  hao  been  developed  p^evicu-ly  cy  PMB 
Associates  for  use  with  the  ANSI  s cructural  analysis  compeer  ccoe;5). 

The  AN3R  code  is  oriented  towards  the  analysis  of  structures  subjected 
co  earthquake  'oads  and  is  therefore  cismpntibic  with  the  type  of  o-'chlam 
being  studied  in  r.his  effort.  A significant  d-*  c 'erenr.e  between  toe  AN  SR 
code  and  the  SAMSON  code  is  the  ' ? :k  cf  two-dimensional  eiemer.T-  mb 
formulations  in  the  ANSR  code.  Thus.  tne  aiastic-olast'c-strain  hardening- 
fracture  material  must  be  considered  using  the  Tore  complicated,  three- 
dimensional  concept  shown  in  Figure  (2.t)  ratner  than  the  mere  easily 
visualised  two-dimensional  version  shown  in  Figure  'Ebl.  The  nature  of 
the  material  model  -equires  tnat  a different  approacn  t)  non-linear  behavior 
oe  used  depending  on  whether  the  materia1  is  subjected  to  a tension-tension, 
tension-compression,  or  compression-comoressicn  stress  state.  An  immediate 


problem  involves  defining  which  of  these  states  is  considered  to  exist 
when  the  material  is  actually  subjected  to  a three-dimensional  stress 
condition.  A hypothesis  used  to  define  the  stress  state  is  included  in 
the  ANSR  code . 


Tests  to  determine  the  stress  state  and  the  corresponding  constitutive 
relations  are  based  on  the  concepts  of  an  effective  stress  and  equivalent 
plastic  strain.  The  effective  stress  is  found  using  a function  of  the 
same  form  as  the  functions  defining  the  initial  discontinuous  surface  and 
the  failure  surface. 


t2  = K2J  - K2  I2  + 1 I2  + 1 A I 

3 2 3 1 1 ~ TZ  1 3 u 1 


where 

t = effective  stress 

K,  A = material  constants  (different  for  tension 
compression  and  compression-compression 
stress  states) 


J-  = second  invarients  of  the  strain  tensor 

2 

I t = first  invarients  of  the  stress  tensor,  and 

the  sign  of  the  third  term  depends  on  the  stress  state.  The  equivalent 
plastic  strain  is  found  by  adding  incremental  values  based  on  the  equation 


dcp 
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The  complicated  three-dimensional  stress  situation  is  treated  as  a 
one-dimensional  stress  situation  for  analyzing  the  non-linear  behavior 
by  using  a plot  of  effective  stress  vs  equivalent  plastic  strain 
developed  from  experimental  data.  The  plots  corresponding  to  the  three 
possible  stress  states,  tension-tension,  tension-compression,  and  com- 
pression-compression are  shown  in  Figure  (4).  It  is  seen  that  the 
alternatives  for  the  tension-tension  stress  state  are  linear  elastic 
behavior  or  cracking.  The  alternatives  for  the  tension-compression 
stress  state  are  linear  elastic,  elastic-strain  hardening,  and  crushing. 
The  alternatives  for  the  compression-compression  stress  state  are  the  same 
as  for  the  tensile-compressive  state  except  strain  softening  may  occur 
before  crushing.  Note  that  cracking/crushing  is  defined  in  terms  of 
the  effective  stress  or  equivalent  plastic  strain,  so  no  directional 


characteristics  can  be  associated  with  this  behavior.  Once  crashing  or 
cracking  occurs,  the  element  is  considered  to  be  completely  failed.  Also, 
the  possibility  of  a compressive  reloading  after  tensile  cracking  has  been 
ignored.  For  these  reasons,  there  is  no  need  to  assess  the  impact  of  crack- 
ing on  the  loading  function. 

The  logic  in  the  elastic-plastic  strain  hardening-fracture  material 
model  subroutine  can  be  summarized  approximately  as  follows: 

a.  Given  the  strain  increment  and  assuming  linear  elastic 
constitutive  relations,  determine  a trial  stress  increment, 
then  a trial  stress  value. 

b.  Use  the  trial  stress-value  and  the  stress  state-check 
discussed  earlier  to  determine  the  stress  state. 

c.  If  the  material  has  not  already  crushed  or  cracked, 
determine  whether  the  current  nonlinear  surface  has  been 
violated;  if  not,  the  linear  elastic  computations  are  correct 
and  the  calculations  for  this  strain  step  are  complete, 
except  for  updating  the  bookkeeping.  If  the  current  non- 
linear surface  has  been  reached  or  exceeded,  the  elastic 
portion  of  the  stress  and  the  strain  are  computed,  then  the 
plastic  portion  is  computed,  using  the  appropriate  section 

of  the  equivalent  stress-equivalent  plastic  strain  curve  to 
determine  the  applicable  incremental  stress-strain  relations. 

d.  If  a mul ti -segmented  piecewise-linear  stress-strain  curve 
is  used,  checks  must  be  made  to  insure  that  the  laws  appro- 
priate to  the  particular  segment  are  used,  and  checks  for 
crushing  must  also  be  made.  Once  the  appropriate  plastic 
strain  increments  are  found,  the  bookkeeping  can  be  updated. 

EXPERIMENTAL  TEST  CASE 

A dynamically  loaded  beam  investigated  experimentally  by  Feldman, 

Kennan,  and  Seiss  (6)  was  chosen  for  use  in  evaluating  the  two  material 
models.  Characteristics  of  the  beam  and  its  loading  are  shown  in  Figure 
(5).  A pneumatic  loading  machine  was  used  to  apply  a dynamic  loading  with 
the  time-history  depicted  in  Figure  (6).  The  finite  element  model  of  the 
beam  was  chosen  so  that  comparisons  with  an  earlier  analysis  attempt  (7) 
would  be  facilitated.  One  version  of  this  model  used  in  SAMSON  is  shown 
in  Figure  (7).  Note  that  the  steel  cover  and  interior  concrete  for  this 
model  can  result  in  unrestrained  node  points  if  sufficient  cracking  occurs. 

A later  SAMSON  model,  and  the  ANSR  MODEL  were  devised  without  steel  cover 
and  with  steel  equivalent  to  the  vertical  reinforcement  connecting  the 


nodes  in  the  vertical  plane,  so  that  some  restraint  remains  after  cracking. 
The  SAMSON  model  involved  two-dimensional  plate  elements  in  plane  stress. 

It  was  necessary  to  modify  the  linear  elastic  material  model  commonly  used 
for  SAMSON  bar  elements  so  that  it  would  represent  the  steel  reinforcement 
as  elastic-perfectly  plastic.  The  ANSR  beam  model  was  developed  in  such  a 
fashion  that  a minimum  number  of  elements  were  used,  since  the  three-dimen- 
sional elements  were  expected  to  result  in  extremely  long  computer  running 
times.  The  beam  model  was  forced  to  undergo  a plane  strain  type  behavior 
to  eliminate  the  requirement  of  modeling  reinforcement  through  the  thick- 
ness. Displacement  of  nodes  on  the  rear  side  of  the  beam  were  forced  to 
correspond  to  the  displacements  on  the  front  side,  eliminating  the  need  for 
duplicating  horizontal  and  vertical  steel  on  the  rear  side.  The  reinforcing 
steel  was  modeled  assuming  an  elastic-strain  hardening  material,  with  the 
strain  hardening  minimized  so  the  steel  behavior  would  be  similar  to  that 
of  the  steel  in  the  SAMSON  model. 

ANALYSIS  OF  RESULTS 

An  initial  static  check  of  the  ANSR  model  produced  incorrect  results. 
Further  checking  of  the  ANSR  elastic-plastic-strain  hardening-fracture 
model  using  a much  simpler  structure  revealed  several  areas  where  the 
subroutine  seems  to  be  inconsistent  with  the  theory  it  represents.  These 
apparent  inconsistencies  indicate  that  a considerable  amount  of  reprogram- 
ming would  be  necessary  to  correct  the  ANSR  material  model.  Because  of 
the  limited  amount  of  time  available  for  this  study,  it  was  decided  to 
abandon  the  ANSR  model  and  concentrate  on  the  SAMSON  analysis. 

The  SAMSON  analysis  was  first  run  using  an  assumption  of  completely 
elastic  behavior  as  a check  of  the  finite  element  model.  This  solution 
was  most  conveniently  effected  with  the  smeared  steel  approach,  rather  than 
the  discrete  steel  elements  preferred  for  the  nonlinear  analysis.  The 
model  was  then  modified  to  accommodate  the  non-linear  solution.  In 
addition  to  the  discrete  steel  elements,  this  change  required  rearranging 
the  tr 'angular  concrete  elements  to  meet  the  SAMSON  restriction  of  no 
more  than  eight  elements  attached  to  a given  node.  Several  errors  were 
found  in  the  endochronic  material  subroutine  and  were  corrected.  This 
finite  element  model  was  used  only  for  the  early  portion  of  the  beam 
response,  since  vertical  steel  was  expected  to  be  a factor  in  the  later 
response,  which  would  include  inelastic  behavior.  Once  the  model  appeared 
to  give  a consistent  model  of  elastic  behavior,  the  aforementioned  SAMSON 
restriction  on  elements  attached  to  a node  required  replacing  the  steel 
cover  with  quadrilaterial  elements  so  that  vertical  steel  could  be  added 
to  the  model.  This  model  was  run  without  vertical  steel  well  into  the 
region  of  inelastic  response,  where  the  cracking  model  apparently  generated 
errors.  Several  errors  were  found  but  continued  runs  produced  unrealistic 
values  for  stresses.  This  was  possibly  due  to  the  lack  of  node  point 
restraint  which  would  be  provided  by  the  vertical  steel,  although  the 
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possibility  of  additional  errors  or  omissions  in  the  sub-routine  must 
also  be  considered  as  possible  causes.  A SAMSON  model  similar  to  the 
ANSR  model  in  that  all  concrete  elements  are  quadrilateral  elements, 
steel  cover  is  ignored,  and  vertical  steel  is  included,  was  developed  to 
determine  whether  the  additional  restraint  provided  by  the  vertical  steel 
would  be  sufficient  to  prevent  excessive  deformation.  At  this  writing, 
no  data  has  been  gathered  using  this  model . 

CONCLUSIONS  AND  RECOMMENDATIONS 

Although  no  data  has  been  gathered  for  the  dynamically  loaded  beam, 
several  conclusions  can  be  drawn  about  the  material  models  and  the  sub- 
routines which  apply  them. 

1.  The  documentation  of  both  material  models  presume  a predominately 
compressive  loading,  leaving  to  the  user  any  adaptation  to  major  tensile 
effects . 

2.  The  ANSR  subroutine  for  the  elastic-plastic  strain  hardening- 
fracture  model  appears  to  be  presently  insufficient  to  accurately  model 
the  variety  of  non-linear  phenomena  which  may  occur  in  the  course  of  a 
general  dynamic  load. 

3.  The  problems  encountered  in  applying  the  tensile  version  of  the 
SAMSON  endochronic  subroutine  indicate  that  this  subroutine  requires  further 
testing  and  study  before  it  can  be  considered  reliable  for  loadings  other 
than  uniaxial  compression. 

It  is  recommended  that  the  endochronic  subroutine  be  tested  on  a 
small  scale  until  it  is  obvious  that  it  can  correctly  handle  all  possible 
loading  combinations.  Once  this  has  been  done,  the  model  should  prove  to 
be  convenient  for  the  analysis  of  dynamically  loaded  structural  members. 

The  ANSR  subroutine  for  the  el astic-perfectly  plastic-strain 
hardening  material  model  should  be  analyzed  and  corrected  so  that  it  will 
be  capable  of  handling  a general  dynamic  loading.  It  is  further 
recommended  that  this  method  be  checked  carefully  using  experimental  data, 
and  compared  to  the  endochronic  model.  If  the  elastic-perfectly  plastic- 
strain  hardening  model  proves  to  be  superior,  it  should  be  coded  for 
SAMSON  so  that  it  could  be  used  in  conjunction  with  the  existing  SAMSON 
media  interaction  capability. 
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ABSTRACT 


A brief  review  of  radiation  effects  on  electronic  circuits  is 
presented.  Standard  techniques  are  described  for  testing  MSI  and  LSI 
circuits  for  permanent  and  transient  radiation  effects.  It  is  suggested 
that  it  may  not  be  necessary  to  run  a complete  series  of  transient  effects 
tests  for  every  member  of  a specially  designed  test  set.  Techniques  for 
electrical  testing  of  LSI  circuits  are  presented  in  three  categories:  DC 
parametric  testing,  functional  testing,  and  dynamic  testing.  It  is 
suggested  that  DC  parametric  testing,  while  necessary  for  complete 
characterization  of  the  device,  yields  relatively  little  information 
about  functional  damage,  except  possibly  in  CMOS  circuits.  In  the  section 
on  functional  testing,  combinational  circuits,  random  access  memories, 
microprocessors,  and  implementation  of  functional  tests  are  given  separate 
discussions.  Several  types  of  circuit  faults  and  fault-finding  functional 
tests  are  described,  and  methods  for  designing  such  tests  are  discussed 
where  practical.  The  section  on  dynamic  testing  discusses  the  possibility 
of  substituting  measurements  of  propagation  delays  and  access  times  for 
more  complete  functional  testing.  It  is  suggested  that  the  correlation, 
if  one  exists,  between  raaiation-induced  soft  faults  and  radiation- 
induced  changes  in  access  times  has  not  been  established. 
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Introduction 


Radiation  effects  in  LSI  (large  scale  integrated)  circuits  are 
difficult  to  evaluate.  The  problems  are  that  a large  amount  of  internal 
circuitry  is  involved,  with  very  limited  accessibility  to  the  internal 
nodes  from  the  external  terminals,  and  the  large  number  of  functions 
that  may  have  to  be  tested  in  a given  device.  Extensive  study  of  the 
device  under  test  is  required  in  order  to  determine  a test  procedure 
that  adequately  characterizes  the  device  before  and  after  radiation 
exposure.  Radiation-induced  failure  modes  must  be  deduced  and  tests 
devised  to  detect  them.  The  test  procedures  that  finally  result  are 
complicated,  long,  and  not  easy  to  implement.  Finally,  there  is  no 
guarantee  that  the  test  procedures  arrived  at  will,  in  fact,  detect  all 
of  the  radiation-induced  faults. 

Objectives 

The  objectives  of  this  effort  were,  first,  to  review  current  LSI 
testing  techniques  to  learn  how  to  determine  optimal  test  procedures  for 
detailed  functional  testing  of  a given  LSI  device,  and  second,  to  investigate 
the  possible  existance  of  reasonable  alternatives  to  this  level  of 
testing. 
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Permanent  Effects^ 

The  main  considerations  in  evaluating  permanent  radiation  effects 
in  MSI  and  LSI  circuits  are:  (1)  adequate  pre-irradiation  and  post- 
irradiation characterization  of  the  device  under  test,  (2)  selection  of 
electrical  bias  conditions  during  irradiation,  and  (3)  determination  of 
the  number  of  samples  that  must  be  characterized  to  insure  adequate 
statistical  representation. 

Characterizing  the  electrical  performance  of  the  device  under  test 
before  and  after  irradiation  may  require  more  complete  testing  than 
either  the  manufacturer  or  the  normal  user  of  the  device  is  likely  to  be 
interested  in.  The  problem  is  that  the  most  sensitive  and/or  most 
critical  indicator  of  radiation  damage  may  be  a parameter  which  in 
normal  application  is  so  noncritical  as  to  go  largely  unspecified  and 
untested.  In  general,  radiation  damage  can  affect  the  performance  of 
the  device  in  three  ways:  (1)  as  a change  in  the  current-voltage  char- 
acteristics of  the  device  terminals,  (2)  as  a functional  failure,  and 
(3)  as  a change  in  the  switching  times  and  propagation  delays. 

A radiation-induced  change  in  the  current-voltage  characteristics 
of  the  device  terminals  will  generally  appear  as  a decrease  in  fan-out 
and  noise  margin  at  the  output  terminals,  with  only  small  effects  at  the 
input  terminals.  Increased  leakage  currents  due  to  displacement  and 
surface  effects  may  show  up  as  an  increase  in  the  power  supply  drain. 
Functional  failure  is  usually  the  result  of  damage  in  the  internal  logic 
cells,  and  is  therefore  not  related  or  only  concidentally  related  to 
measurable  degradation  at  the  device  terminals.  In  the  third  mode  of 
performance  degradation,  having  to  do  with  switching  times  and  propa- 
gation delays,  the  indication  depends  on  whether  the  logic  cells  are 
saturating  or  non-saturating.  In  saturating  cells  the  switching  times 
and  propagation  delays  may  either  increase  or  decrease  with  radiation 
damage.  In  non-saturating  cells  they  will  invariably  increase. 

Selection  of  electrical  bias  conditions  during  irradiation  is  more 
critical  for  MOS  circuits  than  for  bipolar  circuits.  In  bipolar  circuits, 
ionizing  radiation  effects  depend  strongly  on  bias  during  exposure,  but 
in  most  cases  the  vulnerability  of  the  device  is  determined  by  displace- 
ment effects.  In  MOS  devices,  on  the  other  hand,  performance  degrada- 
tion is  always  traceable  to  shifts  in  the  MOS  transistor  threshold 
voltage,  which  depends  in  a complex  manner  on  gate  bias  during  exposure. 
Bias  conditions  for  testing  can  be  (a)  static  and  (b)  dynamic.  A static 
test  requires  that  a specific  logic  condition  be  selected.  Careful 
study  may  be  required  in  order  to  make  an  educated  guess  as  to  a worst- 
case  logic  condition,  and  several  devices  might  be  tested  under  different 
logic  conditions,  but  there  is  never  any  guarantee  that  the  actual 
worst-case  condition  was  among  those  tested.  Full  dynamic  operation  of 
the  device  under  test  during  exposure  allows  a broad  and  perhaps  realistic 
coverage  of  logic  conditions,  and  also  allows  evaluation  of  the  device's 
performance  during  exposure.  It  is,  however,  far  from  a worst-case 
condition  for  MOS  arrays. 

The  number  of  samples  that  need  to  be  included  in  a radiation 
effects  experiment  to  insure  adequate  statistical  representation  depends 
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inversely  on  the  size  of  the  chip.  The  array  fails  if  one  transistor 
on  the  chip  fails,  so  the  statistics  are  related  to  the  number  of 
transistors  rather  than  the  number  of  chips  tested.  The  main  reason  for 
testing  more  than  two  or  three  chips  is  to  allow  for  different  bias 
conditions  as  discussed  above. 

The  time  interval  between  exposure  and  post-irradiation  characterization 
should  be  documented  because  of  annealing  effects.  Significant  annealing 
of  radiation  effects  in  MOS  circuits  can  occur  at  room  temperature  over 
a period  of  several  hours. 

Transient  Effects^ 

In  transient  effects  testing  on  LSI  one  seeks  to  find  the  condi- 
tions that  lead  to  a radiation-induced  error  of  the  transient  kind  in 
the  operation  of  the  device  under  test.  The  error  originates  as  a dis- 
tortion in  a logic  signal  to  an  undefined  or  erroneous  voltage  level. 

This  type  of  logic  failure  occurs  at  fairly  high  dose  rates,  10  to 
10!0  rads(Si )/sec.  The  radiation  source  used  in  these  tests  is  of  the 
narrow  pulse  type,  partly  in  order  to  keep  the  accumulated  dose  low  so 
as  to  insure  negligible  permanent  effects,  and  partly  because  the  narrow 
pulse  is  a better  simulation  of  the  nuclear  burst  environment.  In  any 
case,  the  fast  pulse  nature  of  these  tests  requires  a wide-band,  low 
noise  instrumentation  system  to  observe  and  record  the  effects. 

A representative  instrumentation  system  would  consist  of  three  main 
blocks:  the  test  cassette,  the  cable  system,  and  the  monitoring  and 
control  system.  The  test  cassette  would  be  designed  to  minimize  electrical 
and  radiation-induced  noise,  and  for  convenient  interchange  of  devices 
under  test.  The  device  under  test  plugs  into  a socket  in  the  test 
cassette,  whose  pins  are  programmed  by  a logic  circuit  also  in  the  test 
cassette.  The  logic  circuit  couples  the  device  under  test  to  wide-band 
output  drivers,  which  drive  the  cables  connecting  the  test  cassette  and 
remote  ’nstrumentation.  Lead  (Pb)  shielding  is  used  to  minimize  radiation- 
induced  noise  in  the  cable  drivers.  To  monitor  the  timing  and  shape  of 
the  radiation  pulse,  a PIN  diode  is  mounted  behind  the  device  under 
test.  The  cables  bring  the  signals  of  interest  out  to  a high  speed 
oscilloscope  for  photographing. 

Devices  that  are  particularly  hard  to  transient  effects  (CMOS/SOS 
devices,  specifically)  can  be  particularly  difficult  to  instrument. 

Kjar  et  al.,  (reference  7)  found  the  photoresponse  of  the  CMOS/SOS 
devices  under  study  to  be  pretty  well  masked  by  normally  low  level 
radiation  induced  noise  sources  such  as  air  ionization  and  charge  scat- 
tering. They  were  dealing  with  dose  rates  in  excess  of  10'  rads (Si)/ 
sec.  The  solution  they  found  by  experiment  was  to  maximize  radiation  in 
the  device  itself  while  shielding  the  rest  of  the  circuitry,  and  to 
provide  special  grounding  configurations.  A special  cap  was  designed 
and  built  to  replace  the  standard  cap  that  mounts  over  the  FXR  faceplate. 

The  device  under  test  was  n.uunted  in  a double-chassis,  and  triaxial 
cables  were  used.  The  outer  shield  was  connected  to  the  outer  box,  and 
the  inner  shield  was  connected  to  the  inner  box  and  to  earth  ground. 

Dosimetry  is  by  means  of  thermoluminescent  detectors  (TLDs)  attached 
to  the  device  under  test  during  one  or  more  FXR  shots.  Radiation 
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energy  absorbed  by  the  TLD  is  measured  and  converted  to  rads(Si).  For 
purposes  of  calculating  a dose  rate  each  FXR  shot  is  considered  to  be  30 
nsec  wide,  which  is  in  fact  its  FWHM.  The  dosimetry  probably  does  not 
have  an  error  of  more  than  20  percent. 

I 

The  dose  rate  at  which  a transient  error  will  occur  depends  in 
general  on  the  radiation  pulse  width.  If  the  2 MeV  flash  X-ray  is  used 
in  all  investigations,  then  the  pulse  width  is  eliminated  as  a variable. 

If  a linear  accelerator  is  used,  the  pulse  width  needs  to  be  quoted  as  a 
variable. 

The  most  critical  aspect  of  transient  effects  testing  in  LSI  circuits 
is  often  said  to  be  the  selection  of  internal  signal  conditions  to  be 
used  during  the  test.  The  traditional  approach  to  this  question  assumes 
the  possible  existance  of  a weakest  logic  cell,  or  a worst  case  logic 
condition.  Various  series  of  input  signal  patterns  are  devised  which 
set  up  the  internal  logic  cells  in  one  way  or  another,  so  as  to  test  for 
pattern  sensitivity,  or  guarantee  complete  cell  coverage,  etc.  Defining 
a minimized  set  of  optimum  internal  logic  conditions  for  the  device 
under  test  can  be  an  expensive  and  time-consuming  process.  Then  each 
input  pattern  in  the  set  requires  a series  of  exposures  of  increasing 
intensity  to  determine  the  failure  threshold.  There  is  some  question, 
however,  as  to  whether  these  scientifically  derived  test  conditions 
yield  failure  thresholds  that  are  significantly  different  from  those 
arrived  at  by  either  intuitively  or  randomly  derived  test  conditions. 

For  example,  M.  G.  Krebs  at  Northrop  Research  and  Technology  Center, 
describing  a logic  cell  coverage  technique  that  involves  a computer- 
generated set  of  test  patterns,  concludes  that  any  single  test  from  the 
set  would  have  identified  essentially  the  same  failure  threshold.  He 
states,  "It  is  the  preponderance  of  characterization  data  in  the  general 
literature  indicating  similar  findings  that  leads  one  to  consider  the 
very  tempting  conclusion  that  a few  arbitrary  tests  are  all  that  are 
necessary  to  identify  a failure  threshold  for  LSI  circuits"  (reference 
6).  It  may  be  that  the  nature  of  the  disturbances  caused  by  the  photo- 
response is  that  a single  and  perhaps  therefore  undetectable  failure  is 
simply  not  of  high  probability.  That  is,  it  may  just  be  more  likely  for 
several  upsets  to  occur  at  nearly  equal  dose  rates  in  a localized  group, 
with  a correspondingly  higher  probability  that  at  least  one  of  the 
upsets  will  propagate  to  an  output  terminal. 

It  might  be  sufficiently  accurate  then,  particularly  in  preliminary 
evaluations,  to  design  the  test  on  the  basis  of  the  expected  manifesta- 
tion of  an  internal  failure  whose  manifestation  is  virtually  guaranteed, 
rather  than  on  the  basis  of  which  individual  gates  can  propagate  a 
transient  failure  under  what  specific  input  conditions.  Now,  an  in- 
ternal failure  can  manifest  itself  in  only  a few  ways:  as  a transient 
logic  error  in  the  output  terminals,  as  incorrectly  stored  information, 
as  a change  in  stored  information,  or  as  a transient  inhibit  (inability 
to  manipulate  information).  In  a combinational  array,  only  a transient 
logic  error  in  the  output  terminals  need  be  tested  for,  and  a random 
input  pattern  containing  both  Is  and  Os  might  be  quite  sufficient  as  a 
test  condition.  In  a memory  or  a microprocessor,  all  four  error  mani- 
festations would  have  to  be  tested  for.  In  testing  a memory,  for  example, 
one  might  hit  the  device  with  the  radiation  pulse  just  prior  to  a write 
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operation.  (One  might  even  address  the  write  to  the  part  of  the  memory 
that  is  physically  farthest  from  the  data  register,  or  that  has  the  longest 
access  time.)  Then  a series  of  read  operations  would  indicate  whether 
the  write  operation  was  actually  carried  out,  whether  the  word  was 
correctly  stored,  and  whether  there  was  a change  in  any  previously 
stored  information.  In  testing  a microprocessor,  one  might  trigger  the 
radiation  pulse  just  prior  to  a software-interrupt  operation,  thus 
attempting  to  manipulate  and  preserve  large  portions  of  the  microprocessor 
within  a few  clock  cycles  of  the  radiation  pulse. 

When  a circuit  is  hit  with  a pulse  of  ionizing  radiation,  the 
photocurrents  will  cause  an  electrical  transient  through  the  power 
supply  line  that  could  result  in  transient  logic  failure.  Thus,  the 
characteristics  of  the  power  supply  became  a factor  in  determining  the 
vulnerability  of  the  device  being  tested.  A well-regulated  supply  is  an 
absolute  necessity  in  a transient  effects  test,  and  the  power  supply 
surge  current  should  be  monitored  and  documented  as  an  essential  part  of 
the  radiation  characterization  of  the  device  under  test. 

The  use  of  a pulsed  laser  to  simulate  transient  effects  of  ionizing 
radiation  is  described  in  reference  18.  The  laser  proves  itself  to  be 
an  excellent  diagnostic  tool  for  the  analysis  of  basic  transient  upset 
failure  mechanisms.  Its  usefulness  is  based  on  two  factors.  It  does 
not  cause  a build-up  of  total  accumulated  dose  in  the  device  under  test, 
as  do  the  FXR  and  the  LINAC.  Thus,  only  the  effects  of  the  photoresponse 
are  present.  In  addition,  when  a transient  upset  occurs,  selected  areas 
of  the  chip  can  be  masked  off  from  the  laser  until  the  upset  disappears. 
Thus,  the  exact  location  of  the  weak  point  can  be  identified.  A number 
of  unknown  factors  make  it  necessary  to  follow  up  or  verify  the  laser 
tests  with  FXR  tests.  For  one  thing,  the  upset  level  needs  to  be  identified 
in  terms  of  rads(Si )/sec,  and  the  correlation  between  a given  laser 
intensity  and  an  equivalent  dose  rate  will  always  have  to  be  verified. 

In  addition,  the  metallization  strips  on  the  chip  tend  to  mask  off  parts 
of  the  chip  from  the  laser,  but  not  from  the  FXR.  The  effect  of  that 
difference  too  must  be  investigated  for  each  chip. 

LSI  Testing  Techniques 

Three  categories  of  testing  techniques  have  been  identified  for 
evaluating  radiation  effects  in  LSI  devices:  DC  parametric  testing, 
functional  testing,  and  dynamic  testing.  DC  parametric  testing  is  the 
measurement  of  whatever  DC  parameters  one  might  feel  contribute  to  the 
characterization  of  the  device  under  test.  Functional  testing  means 
verifying  the  logical  correctness  of  the  device  in  actual  operation. 

Dynamic  testing  is  basically  to  measure  changes  in  the  propagation 
delays  along  dynamic  paths  through  the  device  under  test. 

DC  Parametric  Testing^’  ® 

Among  the  parameters  measured  as  indicators  of  radiation  effects 
have  been  quiescent  and  dynamic  power  supply  currents,  minimum  supply 
voltage  at  which  the  device  continues  to  operate,  output  voltage  and 
current,  and  transistor  gain.  DC  parametric  testing  was  sometimes  con- 
sidered to  give  sufficient  characterization  by  itself  for  certain  small 
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scale  integrated  circuits.  For  medium  and  large  scale  integrated  cir- 
cuits, however,  this  type  of  testing  is  considered  to  be  inadequate. 

That  is  not  to  say  that  DC  parametric  testing  isn't  useful  (some  DC 
parameters  are  critical),  just  that  it  would  not  in  general  be  a reliable 
alternative  to  more  detailed  testing. 

In  some  cases  the  radiation  effects  on  a given  DC  parameter  may  be 
indirectly  related  to  the  radiation-induced  failure  of  the  device  under 
test.  For  example,  surface  and  junction  leakage  currents  are  both  in- 
creased by  exposure  to  radiation,  and  these  currents  are  definite 
factors  in  the  power  supply  current  drawn  by  the  device  under  test. 
Circuits  don't  usually  fail  on  account  of  excessive  leakage  current,  but 
insofar  as  increases  in  leakage  currents  are  an  indication  of  the  build- 
up of  accumulated  radiation  dose  they  are  coincidentally  related  to  the 
eventual  radiation-induced  failure  of  the  circuit. 

Measuring  the  power  supply  current  has  been  particularly  useful  in 
evaluating  radiation  effects  in  CMOS  circuits.  When  a CMOS  circuit  is 
in  a quiescent  state,  leakage  current  is  the  only  supply  current  that 
flows.  Its  measurement,  therefore,  is  a direct  measurement  of  the 
accumulated  radiation  dose.  Moreover,  when  the  circuit  fails  there  is  a 
drastic  increase  in  the  supply  current  that  is  directly  related  to  the 
failure.  The  radiation-induced  permanent  failure  mode  in  CMOS  circuits 
is  that  the  gate  threshold  voltage  of  n-channel  elements  has  shifted  to 
the  point  that  these  elements  in  the  circuit  will  no  longer  turn  off. 

The  condition  causes  both  a functional  failure  and  a drastic  increase  in 
supply  current. 

In  applying  this  type  of  measurement  to  a CMOS  MSI/LSI  circuit,  two 
rules  need  to  be  adhered  to.  One  is  that  the  circuit  must  be  in  a 
quiescent  state.  Otherwise,  the  measured  current  is  predominantly  due 
to  charging  and  discharging  of  internal  capacitances.  The  other  rule  is 
that  the  current  needs  to  be  measured  at  multiple  logic  states.  Order- 
of-magnitude  differences  in  supply  current  are  easily  noted  in  different 
logic  states.  It  may  not,  of  course,  be  practical  to  perform  the  measure- 
ment at  all  possible  logic  states,  but  measurements  at  just  one  or  just 
a few  states  are  probably  useless. 

The  minimum  supply  voltage  at  which  a CMOS  array  will  operate  has 
also  been  used  as  an  indicator  of  radiation  damage.  Raymond,  et  al., 
(reference  3)  performed  this  type  of  measurement  in  testing  a series  of 
CD  4024  CMOS  counters,  stating  that  the  measurement  inherently  defines  a 
failure  level  for  whatever  system  supply  voltage  is  to  be  used.  Their 
results,  however,  are  ambiguous.  They  state,  on  the  one  hand,  that  all 
the  arrays  that  were  exposed  under  static  conditions  "failed"  at  20,000 
rads(Si).  Their  data,  on  the  other  hand,  shows  the  same  arrays  continuing 
to  "operate"  at  increased  minimum  supply  voltages  well  beyong  the  20,000 
rads(Si)  dose. 

A commonly  used,  but  relatively  insensitive,  indicator  of  radiation 
damage  in  an  MSI/LSI  array  has  been  the  output  voltage  level  in  the  "1" 
and  "0"  states,  with  some  specified  output  load.  This  type  of  data  is 
generally  presented  as  a graph  of  volts  vs.  accumulated  dose.  However, 
digital  arrays  on  the  MSI  and  LSI  level  generally  fail  for  internal 
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reasons  before  there  appears  any  significant  degradation  in  the  output 
levels.  This  is  partly  because  the  internal  elements  simply  outnumber 
the  output  elements  by  a large  factor.  Unless  the  output  elements  are 
particularly  weak,  the  probabilities  favor  an  internal  failure.  In 
addition,  the  internal  circuitry  may  be  operating  at  a reduced  noise 
margin  in  the  first  place,  and  thus  be  inherently  more  susceptible  to 
radiation  damage.  The  measurement  is  not,  however,  useless  insofar  as 
these  voltage  levels  affect  the  fan-out. 

In  general,  DC  parametric  testing  can  be  a useful  shortcut  in 
evaluating  radiation  effects  providing  the  parameter  being  measured  can 
be  related  directly  (as  opposed  to  coincidentally)  to  the  mechanism  by 
which  the  circuit  actually  fails.  That  seems  to  be  the  case  with  the 
quiescent  supply  current  in  CMOS  devices,  as  long  as  the  n-channel 
elements  continue  to  be  the  initial  failure  point.  In  bipolar  LSI 
circuits  there  is  probably  no  externally  measurable  DC  parameter  that 
can  be  directly  related  to  the  expected  failure  mechanisms. 

8 9 

Functional  lesting  ’ 


Functional  testing  means  veri 
device  in  actual  operation.  This 
the  semiconductor  industry  for  LSI 
analyzers  and  microprocessor-based 
purpose.  The  idea  is  to  exercise 
while  checking  the  response  of  the 
be  indicative  of  internal  faults, 
exercise,  carefully  contrived  test 
to  detect  specific  types  of  faults 
meant  by  an  optimum  test  procedure 
the  device. 


fying  the  logical  correctness  of  the 
is  the  primary  test  technique  used  by 
circuits.  A large  variety  of  logic 
analyzers  are  available  for  this 
the  device  as  thoroughly  as  possible 
device  for  logical  errors  that  would 
To  maximize  the  effectiveness  of  an 
patterns  and  algorithms  are  developed 
in  specific  devices.  This  is  what  is 
for  functional  characterization  of 


Functional  tests  are  often  directed  toward  detecting  the  "stuck-at" 
type  of  faults.  A stuck-at  fault  is  one  in  which  a certain  line,  input 
or  output,  is  stuck  at  a logical  1 (SA1),  or  stuck  at  a logical  0 (SAO), 
or  stuck  at  some  indeterminate  value  (SAX).  Other  types  of  faults,  having 
to  do  with  voltage  or  current  levels,  pulse  widths,  risetimes,  or  circuit 
timing,  might  be  detected  by  functional  tests  insofar  as  they  might 
cause  functional  errors  (and  many  functional  tests  are  designed  for  this 
purpose),  but  in  general  they  can  be  sought  after  in  parametric  and 
dynamic  tests. 

Stuck-at  faults  can  be  intermittent  or  permanent.  Intermittent 
("soft")  faults  can  be  transient,  meaning  they  occur  only  under  certain 
timing  conditions,  or  pattern-sensitive,  meaning  they  occur  only  when 
the  circuit  under  test  is  in  a certain  logical  state.  As  might  be 
expected,  intermittent  faults  are  the  most  difficult  to  detect.  One 
must,  of  course,  stumble  over  the  unique  conditions  under  which  they 
occur.  Permanent  ("hard")  faults  are  relatively  easy  to  detect.  One 
simply  exercises  the  circuit  under  test  in  such  a way  that  each  and 
every  gate  and  memory  element  in  the  circuit  must  demonstrate  its  ability 
to  be  in  either  state.  The  problem  with  detecting  the  existance  of 
permanent  faults  is  not  how  to  do  it,  but  how  to  do  it  in  a reasonable 
amount  of  time. 
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A relatively  simple  combinational  circuit  will  be  used  to  illustrate 
the  basic  problem  of  functional  testing  and  the  nature  of  the  various 
solutions  to  it. 


A B C D 


0 0 0 0 
0 0 0 1 
0 0 10 
0 0 11 
0 10  0 
0 10  1 
0 110 
0 111 
10  0 0 
10  0 1 
10  10 
10  11 
110  0 
110  1 
1110 
1111 


X Y F 


0 G 1 

0 0 1 

0 0 1 

0 1 0 

0 0 1 

0 0 1 

0 0 1 

0 1 0 

0 0 1 

0 0 1 

0 0 1 

0 1 0 

1 0 0 

1 0 0 

1 0 0 

1 1 0 


The  circuit  shown  implements  the  AND-0R-INVERT  function,  F = AB+CD. 

The  object  of  functional  testing  is  to  verify  the  truth  table  shown 
above  left.  To  accomplish  this  one  can  simply  apply  in  sequence  all 
possible  combinations  of  0's  and  l's  to  the  inputs,  and  check  the  output 
against  the  truth  table  for  each  input  combination.  This  is  called  a 
full  functional  test.  In  this  manner  both  permanent  and  pattern-sensitive 
faults  will  be  detected.  A shorter  test  is  to  apply  the  following 
sequence  of  inputs: 


A B C D X Y F 

0 0 0 0 0 0 1 

0 0 11  0 1 o 

110  0 10  0 


The  first  input  combination  verifies  that  the  output  is  not  stuck  at  0, 
and,  under  the  assumption  (to  be  verified  with  the  second  input  combination) 
that  the  output  is  not  stuck  at  1 either,  it  also  verifies  that  neither 
X nor  Y is  stuck  at  1.  The  second  input  combination  verifies  that  the 
output  is  not  stuck  at  1,  and  that  Y is  not  stuck  at  0.  The  third  input 
combination  verifies  that  X is  not  stuck  at  0. 


There  are  several  things  that  should  be  noted  about  the  shorter 
test  sequence.  First,  it  makes  no  particular  attempt  to  detect  pattern- 
sensitive  faults.  Second,  it  does  not  even  detect  all  possible  permanent 
faults.  It  verifies  that  X,  Y,  and  F are  free  of  stuck-at  faults,  and 
it  verifies  that  no  input  is  stuck  at  zero,  and  that  neither  AND  gate 
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has  both  inputs  stuck  at  1,  but  if  either  AND  gate  has  one  input  stuck 
at  1 and  the  other  input  free,  this  fault  will  not  be  detected.  Third, 
if  a fault  is  detected,  it  is  not  in  general  possible  to  determine  what 
type  of  fault  it  is  or  where  it  lies.  For  example,  if  the  response  to 
the  second  input  combination,  0011,  had  been  1 rather  than  the  correct 
value  of  0,  one  could  not  determine  if  the  fault  is  that  F is  stuck  at  1 
or  Y is  stuck  at  0.  These  then  are  the  characteristics  of  a functional 
test  that  is  not  a full  functional  test:  (1)  Some  types  of  stuck-at 
faults  escape  detection,  and  (2)  an  error  indicates  the  existance  of  a 
fault,  but  not  in  general  its  type  or  location. 

A full  functional  test  to  detect  all  permanent  and  pattern-sensitive 
faults  is  practical  when  the  circuit  under  test  has  4 inputs  and  there- 
fore 16  combinations  of  input  values.  When  the  circuit  has  24  inputs 
and  therefore  16,  777,  216  combinations  of  input  values,  the  full  functional 
test  is  somewhat  less  practical.  When  memory  elements  and  sequential 
operation  are  added,  the  number  of  individual  exercises  required  for  a 
full  functional  test  becomes  truly  astronomical . Performing  a full 
functional  test  on  a microprocessor  is  not  impractical,  but  impossible. 

One  is  therefore  faced  with  the  problem  of  contriving  a test 
sequence  that  is  of  a practical  length  and  capable  of  detecting  the 
types  of  faults  that  experience  indicates  are  most  characteristic  of  the 
circuit  under  test.  The  most  convenient  approach  to  generating  an 
optimum  test  sequence,  or  test  set,  as  it  is  also  called,  depends  on  the 
type  of  circuit  to  be  tested.  As  follows  are  descriptions  of  useful 
approaches  to  the  problem  when  the  circuit  under  test  is  (a)  a com- 
binational array,  (b)  a random  access  memory,  and  (c)  a microprocessor. 

The  problem  of  implementing  a test  sequence  once  it  is  decided  on  is 
addressed  after  the  discussion  on  microprocessors. 

Functional  Test  Sets  for  Combinational  Arrays^ ’ ^ ^ ^ 

The  problem  here  is  to  determine  a sequence  of  input  combinations 
that  will  test  the  output  of  every  gate  in  the  circuit  for  permanent 
stuck-at  faults.  This  amounts  to  driving  the  output  of  every  gate  to 
both  of  its  logic  levels  in  such  a manner  that  a fault,  if  one  exists, 
will  cause  a logical  error  in  the  output  of  the  array.  The  number  of 
combinations  in  the  sequence  should  ideally  be  the  minimum  number  that 
will  do  the  job,  but  it  is  difficult  to  prove  that  a given  test  set  is 
really  of  minimum  size.  A test  set  of  "practical"  size  can  either  be 
computer-generated  or  manually  developed. 

A computer-generated  test  set  is  not  necessarily  of  minimum  size, 
as  we  shall  see.  The  computer  does,  however,  have  a number  of  advantages. 
For  one  thing,  its  use  gives  the  investigator  some  confidence  that  a 
test  set  of  near  minimum  size,  at  least,  will  in  fact  be  generated,  and 
that  the  set  will  detect  all  permanent  stuck-at  faults  in  the  outputs  of 
all  the  gates  in  the  array.  The  main  advantage  of  the  computer,  how- 
ever, does  not  seem  to  have  been  fully  exploited,  and  that  is  that  a 
good  logic  simulation  program  is  not  limited  to  combinational  arrays  nor 
permanent  stuck-at  faults.  Krebs  (references  5,  6,  and  10)  has  used 
computer-generated  test  sets  to  detect  hard  faults  in  other  than  combi- 
national arrays,  but  one  gets  the  impression  that  the  computer  approach 
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may  not  be  cost  effective.  What  one  buys  with  the  computer  time  is  a 
relatively  direct  approach  to  a test  set  of  high  confidence  level,  but 
not  necessarily  a superior  test  set. 

Krebs  calls  his  method  a logic-cell-coverage  (ICC)  technique.  He 
uses  a Northrop  in-house  logic  simulation  program  called  LSP  to  generate 
a Fortran  program  which  will  in  turn  generate  a test  set  by  a technique 
called  parallel  fault  simulation.  Parallel  fault  simulation  is  the 
simulation  in  parallel  of  a number  of  faulted  copies  of  the  fault-free 
logic  system.  A satisfactory  description  of  Krebs'  LCC  technique  is 
well  beyond  the  scope  of  this  study  and  can  not  be  attempted.  It  should 
be  noted  that  Krebs  was  seeking  radiation-induced  faults  that  were 
transient  effects  in  the  sense  that  they  were  due  to  photoresponse,  but 
were  "permanent"  faults  in  the  sense  that  the  test  sets  were  not  designed 
to  detect  pattern  or  timing  sensitivities.  In  reference  6 the  LCC 
technique  is  applied  to  an  Intel  3003  Look-Ahead  Carry  Generator,  shown 
in  the  figure  below. 


The  device  has  two  8-bit  input  words,  X and  Y,  and  one  8-bit  output 
word,  Cn+i , ...,  Cn+g  . There  is  also  a one-bit  Cn  input  and  an 

enable  input,  E,  for  the  Cn+gOutput.  The  computer-generated  test  set, 

in  hexadecimal  digits,  is  as  follows: 


Test 

X 

Y 

Cn 

E 

Output 

1 

00 

FF 

0 

1 

00 

2 

00 

FF 

1 

1 

FF 

3 

01 

FF 

1 

1 

00 

4 

02 

FF 

1 

1 

01 

5 

04 

FF 

1 

1 

03 

6 

08 

FF 

1 

1 

07 

7 

10 

FF 

1 

1 

OF 

8 

20 

FF 

1 

1 

IF 

9 

40 

FF 

1 

1 

3F 

10 

80 

FF 

1 

1 

7F 

11 

FF 

00 

0 

1 

FF 

12 

FF 

FF 

0 

1 

00 

13 

00 

FF 

1 

0 

^Cn+8 

open) 

One  will  note 

that  the  circuit  consists  of 

eight 

NOR  gates,  and 

the 

inputs  to  each 

i NOR  gate  is 

from  a group  of 

AND  gates. 

There  are 

54 

gates  in  all, 

and  13 

steps 

in  the  test  sequence. 

The  first  test 

checks 

all  of  the  NOR  gates 

for  a 

stuck-at-one  condition 

, and 

simultaneously 

checks  the  lowest  AND  gate 

in  each  of 

the  8 

groups  of  AND  gates 

for  a 

stuck-at-zero 

fault. 

It  also  checks 

the  Cn 

inverter  for  stuck-at-zero. 

The  second  test  checks  all  the  NOR  gates  for  a stuck-at-zero  condition, 
and  the  Cn  inverter  for  stuck-at-one,  and  all  of  the  AND  gates  for 

stuck-at-zero  fault.  As  each  group  of  AND  gates  feeds  a single  NOR 
gate,  only  one  AND  gate  of  each  group  can  be  tested  for  stuck-at-zero  at 
a time.  Of  course,  one  AND  gate  in  each  of  several  groups  can  be  tested 
simultaneously,  but  since  one  of  the  groups  contains  n;ne  AND  gates,  a 
minimum  of  nine  separate  tests  are  required  to  check  them  all.  "his  is 
accomplished  in  tests  1,  and  3 through  10.  Test  11  checks  all  o*  th» 

AND  gates  for  a stuck-at-one  fault.  Test  12  checks  all  of  the  NOR  gates 
for  a stuck-at-one  fault.  The  last  test  is  just  for  the  enable  control 

on  Cn+8' 

The  alternative  to  computer-generation  of  test  sets  is  to  develop 
them  manually.  This  is  not  as  impractical  or  difficult  an  approach  as 
one  might  imagine.  In  fact,  it's  kind  of  fun,  like  working  a puzzle. 

The  disadvantages  are  obvious:  There  is  no  guarantee  that  a practical 
test  set  will  not  continue  to  elude  the  investigator  after  weeks  of 
effort.  There  is  the  nagging  suspicion  that  the  computer  would  have 
generated  a significantly  shorter  test  set  in  a significantly  shorter 
time.  And  there  is  a hig.ner  probability  of  an  oversight.  Nevertheless, 
the  method  should  not  be  discounted. 

There  are  a few  simple  rules  that  one  needs  to  follow  to  check  a 
gate  for  a stuck-at  condition.  For  example,  to  check  an  AND  gate  for  a 
stuck-at-zero  fault  one  must  drive  the  output  to  1,  which  requires 
driving  all  of  the  gate's  inputs  to  1.  To  check  the  same  gate  for  a 
stuck-at-one  fault,  at  least  one  of  its  inputs  must  be  driven  to  0. 

These  kinds  of  considerations  lead  to  the  following  set  of  rules: 
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Gate  Type 


SAO 


SA1 


AND 

All  Is 

At  least  one  0 

OR 

At  least  one  1 

All  Os 

NAND 

At  least  one  1 

All  Is 

NOR 

All  Os 

At  least  one  1 

EX-OR 

Odd  number  of  1 s 

Even  number  of  Is 

A more  efficient  test  vector  is  usually  achieved  if  the  "at-least-one" 
rules  are  interpreted  as  meaning  one  and  only  one.  For  example,  if  a 4- 
input  NOR  gate  is  to  be  checked  for  SA1 , and  its  4 inputs  are  from  4 AND 
gates,  then  driving  only  one  of  the  AND  gates  to  1,  while  holding  the 
other  3 at  0,  accomplishes  the  SA1  test  on  the  NOR  gate  while  simultaneously 
testing  the  one  AND  gate  for  SAO.  Three  more  separate  tests  will  be 
required  to  test  the  other  AND  gates  for  SAO  faults. 

To  manually  develop  a test  set  it  is  absolutely  essential  to  have 
an  exact  (as  opposed  to  "equivalent")  logic  diagram  of  the  array.  It 
helps  to  have  Boolean  expressions  for  the  outputs  as  functions  of  the 
inputs.  The  simple  rules  for  checking  the  various  gate  types,  plus  a 
little  common  sense  and  patience,  may  sometimes  result  in  the  develop- 
ment of  a practical  test  set  in  less  time  than  it  would  take  to  even  set 
the  problem  up  for  the  computer.  And  it's  definitely  more  fun.  As  an 
experiment  an  attempt  was  made  to  manually  develop  a test  set  for  the 
Intel  3003,  which  was  the  object  of  Krebs'  computer  analysis.  The 
development  was  done  from  scratch,  that  is,  without  reference  to  the 
computer-generated  test  set.  It  took  about  a half  an  hour  to  develop 
the  following  11 -vector  set: 


TEST 

X 

Y 

Cn 

E 

OUTPUT 

1 

00 

00 

1 

1 

FF 

2 

00 

FF 

0 

1 

00 

3 

01 

FF 

1 

1 

00 

4 

02 

FF 

1 

1 

01 

5 

04 

FF 

1 

1 

03 

6 

08 

FF 

1 

1 

07 

7 

10 

FF 

1 

1 

OF 

8 

20 

FF 

1 

1 

IF 

9 

40 

FF 

1 

1 

3F 

10 

80 

FF 

1 

1 

7F 

11 

00 

FF 

1 

0 

^Cn+8 

open ) 

Another  two 

hours  were  spent  checking  the  manually  developed 

set  against 

the  computer-generated  set,  in 

view  of  the  fact  that  the  computer- 

generated  set  defined 

13  tests 

. It  was  not  determined  that  the  computer 

generated  se 

t would  be  likely 

to  detect  any  faults 

that  the  manually 

developed  set  would  miss. 

In  the 

manually 

developed 

test  set  the  first  test  checks 

all  NOR 

gates  for  SAO,  simultaneously  checking  all  AND  gates  for  SA1 , 

and  the  C 

n 

<U-i  f. 


r - - — 


inverter  for  SAT,  simultaneously  checking  the  Cn  inverter  for  SAO  and 

one  AND  gate  of  each  group  for  SAO.  Tests  3 through  10  complete  the  SAO 

checks  on  the  other  AND  gates.  The  last  test  is  just  for  the  enable 

control  on  C l0. 

n+8 

The  Intel  3003  is  particularly  easy  to  develop  a test  set  for, 
owing  to  its  regularity  and  the  fact  that  it  is  only  two  gates  deep.  A 
somewhat  more  challenging  array  is  the  SN54131  Arithmetic  Logic  Unit. 

Several  hours  were  spent  trying  to  manually  develop  a test  set  for  it, 
with  no  particular  success.  John  Knaijuk,  however,  (reference  11  and 
12)  did  not  give  up  so  easily,  and  manually  developed  a 14-vector  test 
set  for  the  SN  54181.  He  first  developed  a 21-vector  test  set  for  it, 
and  subsequently  reduced  the  set  to  14.  It  is  not  known  if  he  used  a 
systematic  approach  in  the  original  development  (reference  11  was  un- 
fortunately not  readily  obtainable),  but  the  reduction  from  21  tests  to 
14  involved  the  use  of  no  particular  "method,"  just  a closer  look  at  the 
array. 

In  summary  there  is  some  question  as  to  the  cost  effectiveness  of 
the  computer  approach  to  defining  a test  set  for  a combinational  array. 

The  lack  of  a simple,  fixed,  cookbook  procedure  for  manually  developing 
test  sets  probably  discourages  the  manual  approach,  and  that  is  unfortunate. 

Functional  Test  Sets  for  RAMs^’  ^ 


Functional  testing  of  RAMs  is  usually  directed  at  detecting  more 
than  simple  permanent  stuck-at  faults.  Permanent  stuck-at  faults 
exist,  and  must  be  tested  for  in  the  memory  cells,  address  decoders  and 
data  registers,  but  memories  are  prone  to  failures  having  to  do  with 
access  times,  recovery  times,  pattern-sensitivities,  write/read  transi- 
tions, etc.  Testing  the  memory  involves  a sequence  of  writing  and 
reading  certain  test  patterns  of  data  in  the  memory.  Logical  errors  in 
the  reads  are  checked  for,  and  when  found  indicate  one  type  of  failure 
or  another. 

A large  number  of  standard  test  patterns  have  evolved  that  are  seen 
to  be  particularly  effective  at  detecting  particular  types  of  faults.  A 
test  pattern  that  is  highly  useful  for  one  circuit  design  or  process 
technology  can  be  practically  worthless  for  a different  design  or  process 
technology.  The  effectiveness  of  some  of  the  patterns  depends  on  the 
cell  geometry.  That  is,  it  depends  on  whether  a given  4 K-bit  memory, 
for  example,  is  laid  out  as  a 64  X 64  cell  array,  or  32  X 128,  or  dual 
16  X 128,  etc.,  and  on  how  the  rows  and  columns  are  designated.  Thus, 
one  really  needs  to  know  the  details  of  how  a memory  is  laid  out,  in 
order  to  determine  the  true  effect  of  a given  test  pattern.  This 
information  is  not  always  available,  and  is  in  fact  sometimes  considered 
proprietary  information.  As  follows  are  descriptions  of  some  of  the 
standard  test  patterns  and  the  types  of  failures  they  are  apt  to  catch. 

In  the  walking  one' s pattern  Is  are  written  into  the  first  word  and 
9s  into  all  the  others.  In  an  N-word  memory,  this  initialization  re- 
quires N writes.  Then  the  entire  memory  is  read  (N  reads)  and  checked 
for  errors.  This  is  followed  by  two  writes:  the  word  that  was  Is  is 
changed  to  Os,  and  Is  are  written  into  the  second  word.  Then  N reads 
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are  executed,  as  the  memory  is  again  checked.  Then  two  writes  again: 
the  word  that  was  Is  is  changed  to  Os  and  Is  are  written  into  the  next 
word.  Then  N reads,  2 writes,  etc.,  till  the  Is  have  "walked"  clear 
across  the  memory.  Approximately  N2  memory  accesses  are  required  to 
complete  the  test,  and  this  is  considered  excessive  by  many.  (The  exact 
number  of  accesses,  including  initialization,  is  N-  + 3N  - 2,  which 
amounts  to  N2  reads  and  3N-2  writes.)  The  procedure  is  effective  in 
verifying  the  functionality  of  the  address  decoder  and  detects  slow 
sense-amplifier  recovery.  Slow  sense-amplifier  recovery  would  be 
indicated  by  a read  sequence  showing  Is  in  sequential  words. 

A shortened  form  of  the  walking  one's  pattern  is  the  diagonal 
pattern.  Here,  one  assumes  the  memory  is  laid  out  square.  A 256-word 
memory,  for  example,  would  be  1 i ad  out  in  an  array  16  words  wide  and  16 
words  high.  In  a sequence  of  N writes.  Is  are  written  into  the  words 
that  lie  along  the  main  diagonal  of  the  square  and  Os  into  the  other 
words.  Then  the  entire  memory  is  read  and  checked  for  errors  (N  reads). 
Each  row  is  subjected  to  two  writes:  the  word  that  was  Is  is  changed  to 
Os,  and  the  word  in  the  next  column  to  the  right  is  changed  to  Is.  In 
an  N-word  memory  there  would  be  N rows,  so  this  write  sequence  involves 
2 N accesses.  Then  the  memory  is  read  and  checked  again  (N  more  reads). 
Each  row  is  again  subjected  to  two  writes,  as  the  a 11  - 1 s word  in  each 
row  is  shifted  one  place  to  the  right.  As  the  all  - 1 s word  in  each  row 
arrives  at  the  end  of  the  row,  its  next  shift  is  to  the  beginning  of  the 
row.  The  test  is  completed,  after  N3/2  + 3N  separate  accesses,  when  the 
Is  are  again  in  the  main  diagonal.  This  pattern,  like  the  walking  ones, 
is  effective  in  detecting  address  decoder  faults  and  recovery  times,  but 
is  said  to  be  less  sensitive  to  certain  other  functionalities.  It  is 
considered  to  be  a minimal  functional  test. 

Another  minimal  test  is  the  marching  ones  pattern.  This  begins  by 
writing  Is  in  the  first  word  and  Os  in  all  the  others.  Only  the  word 
with  Is  in  it  is  read  and  checked.  Thus,  N writes  and  1 read  have  been 
executed  so  far.  Then  Is  are  written  into  the  second  word  and  the 
second  word  is  read  for  verification  (1  write,  1 read).  Then  Is  are 
written  into  the  third  word,  and  the  third  word  is  read  (2  accesses), 
etc.  This  continues  until  the  memory  is  filled  with  Is.  The  complete 
sequence  requires  only  3N  accesses.  For  a mere  2N  more  accesses  it  can 
be  followed,  and  usually  is,  by  its  complement,  the  marching  zeros 
pattern.  The  marching  1/0  pattern  tests  the  functionality  of  the  memory 
cells,  but  does  not  check  write  recoveries,  multiple  cell  selections  (a 
decoder  fault),  nor  read/read  nor  write/write  interactions. 

The  galloping  ones  pattern  begins  with  Os  being  written  into  all 
memory  locations.  The  first  word  is  read  for  verification,  and  replaced 
by  ones.  The  second  word  is  read  (it  should  be  Os),  and  the  first  word 
is  read  (it  should  be  Is).  The  third  word  is  read,  and  the  first  word 
is  read  again.  The  fourth  is  read,  then  the  first,  etc.,  until  the  Nth 
word  is  read  and  the  first  is  verified  one  more  time.  Now  the  second 
word  is  read  (it  should  still  be  Os),  and  replaced  by  Is.  Then  the 
first  word  is  read  (it  should  still  be  Is),  then  the  second  is  read 
again.  The  read-process  continues:  third  and  second,  fourth  and 
second,  fifth  and  second,  etc.  Now  the  third  word  is  read  and  replaced 
by  Is,  after  which  the  paired  readings  are  repeated,  pairing  all  readings 
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with  the  third  word:  first  and  thi^d,  second  and  t.v'rc,  fourtr,  ana 
tnira,  fifth  ano  third,  etc.  When  all  "i  woras  nave  been  used  as  the 
second  naif  of  this  paired  reading  process,  c>\en  all  oossible  read/^eaa 
interactions  will  nave  been  giver,  a chance  tc  occur  and  be  checked  for. 

!•;  also  examines  the  disturbance  causes  in  ot.ner  ca  '■$  oy  w**i t ; ng  in  a 
given  cel'.  It  requ^es  2N-  + accesses. 

There  is  a sho-mer  version  oc  the  gaMooipc  o--es  pattern  rat 
requires  cetinita  know . edge  of  tne  cell  geometry,  "he  : urrcuno-di st jr-j 
pattern  assumes  that  there  are  gcing  to  be  an;  •'rter-ce' I disturbances 
they  would  be  nest  likely  co  occur  between  adjacent  ce;Ic,  arc  so 
apolies  the  galloping  ones  pattern  tc  each  cell,  pair*'r.g  it  on1;,  witn 
its  eignt  adjacent  neighbors. 

While  the  galloping  ones  test  checks  fcr  -ead/read  interactions, 
write/read  interactions  are  detected  by  - cal  loping  wri te- recovery 
pattern.  It  requires  approximately  12  N-  -.ccesses  tc  she  memory  irder 
test . 

One  will  note  that  the  more  camu’ete  tests,  namely,  tne  walking 
ones,  gallooing  ones,  end  galloping  w'ita-recovery  tests,  require  or  the 
order  pf  N2  memory  accesses,  "he  diagonal  test  ras  some  characteristics 
similar  to  the  walking  ones,  but  recur  as  tne  roquivso  number  3*  accesses 
by  viewing  the  memory  as  being  laid  o„r  in  a square  which  ma>  or  may 
not  be  factual--it  prcbaciy  doesn't  matter),  and  driving  the  pattern 
down  several  rows  of  ceils  simultaneously.  "he  ’'•iciuctmn  in  accesses  is 
from  N-  tc  N / . Tne  seme  tsenrique  ' ;•  applied  r.u  -ther  pattern:*. 
ef-'ect  a reduction  oy  'J.  that  *s,  from  1-  to  M he-’cs  we  hove 

tnese  patterns,  all  requiring  0.1  -e.  order  of  N accesses:  'he  gallcp’ng 

column,  tne  galloping  diagonal,  walking  co'umns,  wclxing  complementary 
columns,  etc. 

There  ’re  a good  deal  more  test  pat*--rns  tnat  a^e  jc.ec  enougn  tc 
have  names,  anc  an  unnumoered  quantity  o~  unnamed  user-wri cten  tests 
It  may  be  a fact  that  no  memory  em'p  will  oc?’  a'r  the  functional  tests 
that  currently  exist.  It  is  rsiared  in  reference  ,2  that  ore  irvestigr.tcr , 
testing  "high  re!  •ability’  memories*  tried  n;os  *.  cf  *re  oopu -ar  catce.’*; 
and  collected  tne  devices  that  passea,  and  then  teseca  tnem  with  a 
modified  galloping  ones  pattern,  and  obtained  a 30.  'ai’i.re  race 

The  implications  of  tnis  fcr  radiation  effects  testing  is  1 hat  the 
term  ''failure"  should  probably  be  recognized  as  a ■•*e!  afire  term  rgtrer 
tnan  an  obsolute  one.  relative,  that  is.  to  the  user's  aopl  ication. 

Thus,  a radiat'or-ir.duced  'failure"  car  on1  y be  defined  with  v*espect  to 
a specific  test,  and  for  any  given  level  of  radiation  exposure,  there 
propablj  exists  a test  which  will  she-  the  device  tc  have  failed. 

A*  interesting  test  pattern  devivsu  by  Kr.aizuk  and  Hartmann  (reference 
Id;  is  oirected  towards  detecting  all  pe-ranent  stuck-at  faults  in  the 
address  aecoder . viemcry  cells,  and  cata  register  ot  my  RAM.  tne  test 
is  only  4N  accesses  leng,  anc  may  therefore  ce  useful  in  transient 
radiation  effects  studies,  in  this  test  the  nemory  "'ccations  are 
divided  into  three  groups  in  auccraaoco  witn  the  sedresses  of  the 
locations.  Grouo  :erc,  3n,  consists  of  locations  ..hose  addresses  are 


(in  hexadecimal  digits)  00,  03,  06,  09,  0C,...  etc.  Group  one,  G, , 
consists  of  locations  whose  addresses  are  01,  04,  07,  0A,  00,  ...  etc. 

The  last  group,  G^,  consists  of  locations  whose  addresses  are  02,  05, 

08,  0B,0E,  ...  etc.  The  algorithm  is  as  follows: 

1.  Write  0s  into  G-j  and  G2. 

2.  Write  Is  into  Gg. 

3.  Read  G-j . If  all  words  in  G-j  aren't  Os,  a fault  is  indicated. 

4.  Write  Is  into  G-j . 

5.  Read  G2.  If  all  words  in  Gj  aren't  Os,  a fault  is  indicated. 

6.  Read  Gg  and  G-j . If  all  words  in  Gg  and  G-j  aren't  Is,  a 
fault  is  indicated. 


7.  Write  Os  into  Gg,  then  read  Gg.  If  all  words  in  Gg 
aren't  Os,  a fault  is  indicated. 

8.  Write  Is  into  G2,  then  read  If  all  words  in  G2 
aren't  Is,  a fault  is  indicated. 


Functional  Test  Sets  for  microprocessors 
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When  testing  a combinational  array,  one  does  not  generally  test  the 
individual  transistors,  but  rather  groups  them  into  gates  and  tests  the 
gates.  The  same  type  of  approach,  under  the  name  module  sensorial ization, 
can  be  used  in  testing  a microprocessor.  In  module  sensorial ization 
individual  gates  are  grouped  into  larger  blocks  and  tested  as  individual 
subsystems.  To  apply  this  technique  the  investigator  must  be  thoroughly 
familiar  with  the  hardware  architecture  and  software-response  specifications 
of  the  microprocessor  under  test.  This  is  not  a trivial  assignment. 
Semiconductor  makers  regularly  change  designs  and  masks  slightly  to 
improve  yield,  and  these  modifications  often  cause  functional  changes 
that  may  invalidate  a given  functional  test  set  and  its  results.  Naturally, 
there  are  sometimes  important  differences  too  between  similar  micro- 
processors from  different  manufacturers.  If  and  when  the  test  designer 
has  attained  a thorough  familiarity  with  all  of  this  particular  micro- 
processor's idiosyncracies,  he  can  then  develop  an  ordered  set  of  test 
sequences  in  the  microprocessor's  programming  language  for  testing  the 
subsystems  or  modules  one  by  one. 

The  first  step  is  to  partition  the  microprocessor  into  modules, 
some  of  which  may  overlap.  The  inputs  and  outputs  of  each  module  need 
to  be  accessible  directly  or  indirectly  to  the  external  terminals.  The 
next  step  then  is  to  devise  an  appropriate  test  sequence  for  each 
module.  One  must  determine  what  types  of  faults  he  should  be  checking 
for  in  each  module,  and  how  comprehensive  a test  is  required  to  uncover 
them.  The  design  of  the  test  proceeds  from  module  to  module,  until  the 
last  one  has  been  covered.  Since  some  instructions  may  not  nave  been 
used  in  testing  any  of  the  modules,  a final  sequence  of  commands  must  be 
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used  to  exercise  any  untested  instructions.  A final  complication  is  the 
possible  existence  of  pattern  sensitivities,  which  in  microprocessors 
show  up  in  the  form  of  sensitivities  to  certain  instruction  sequences. 

These  may  arise  as  a result  of  capacitive  coupling  paths  between  various 
points  on  the  chip,  or  it  may  be  that  certain  sequences  don't  allow 
enough  time  to  complete  charge  transferrals  in  MOS  devices.  In  any  case 
their  prediction  is  next  to  impossible,  and  they  must  simply  be  accidentally 
discovered  for  each  device  and,  once  discovered,  included  in  the  overall 
test  sequence. 

In  reference  16  the  module  sensorial ization  technique  is  applied  to 
the  8080  microprocessor.  The  unit  was  partitioned  into  the  program 
counter,  register  files,  stack  pointer,  arithmetic  logic  unit,  accumulator, 
and  timing  and  control.  The  8080,  being  an  MOS  circuit,  is  subject  to 
some  pattern  sensitivities.  Tests  for  known  sensitivities  can  be 
supplied  by  the  manufacturer. 

Designing  an  adequate  test  for  a given  microprocessor  requires  an 
intensive  study  of  the  microprocessor  itself  and  careful  consideration 
of  the  objectives  of  the  test.  A quick  test,  what  one  might  call  a 
minimal  functional  test,  generally  would  require  a series  of  test 
patterns  about  1,000  clock  cycles  long.  A more  comprehensive  test, 
tailored  to  a particular  application  so  that  specific  requirements  can 
be  defined  and  exhaustively  tested  for,  would  be  10  to  20  times  longer. 

In  testing  for  permanent  radiation  effects  it  is  not  impractical  to 
apply  a fairly  comprehensive  test.  In  testing  for  transient  radiation 
effects  with  the  flash  X-ray  a much  more  abbreviated  test  is  definitely 
called  for.  One  could  either  take  the  approach  of  an  extremely  ab- 
breviated test  (just  a few  clock  cycles  long)  on  the  microprocessor  as  a 
whole,  or  direct  a somewhat  less  abbreviated  test  to  a particular  module 
of  the  device.  Transient  radiation  effects  studies  using  the  pulsed 
laser  technique  offer  some  interesting  possibilities  in  terms  of  testing 
the  modules  one  by  one.  One  can  simply  mask  off  the  modules  not  currently 
under  test.  In  that  way,  fairly  complete  studies  of  transient  effects 
can  be  done  using  relatively  comprehensive  functional  tests. 

15  16 

Implementation  of  Functional  Test  Sets  ’ 


Implementing  a functional  test  can  be  a problem  in  itself.  It  is 
a fairly  simple  problem  when  one  is  testing  a combinational  array  for 
stuck-at  faults.  The  test  set  is  small  and  timing  is  probably  not  a 
factor.  The  test  sequence  can  be  stored  in  a memory  and  applied  to  the 

device  under  test  by  simply  reading  out  the  memory.  The  correct  responses 

to  each  test  vector  can  either  be  generated  by  a device  of  the  same  type 
as  the  one  under  test  but  known  to  be  good,  or  stored  in  another  memory 
and  read  out  with  the  test  vectors.  In  either  case  the  correct  responses 

are  compared  with  the  response  from  the  device  under  test,  and  when  the 

reponses  being  compared  differ  an  indication  is  given  and  the  test  is 
discontinued.  When  the  device  under  test  is  a memory  or  a microprocessor 
the  sequence  of  tests,  and  the  correct  responses,  may  be  too  long  to  be 
conveniently  stored  in  memory.  The  technique  is,  however,  commonly 
used. 
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Thus,  the  method  is  independent  c ' cr  cult  design  end  processing  technology. 
It  is  also  independent  of  the  functional  complexity  of  tne  circuit-  It 
can  provide  a convenient  basis  cf  comoarison  of  '••adiation  effects  in 
different  types  cf  RAMs,  for  examplt. 

In  reference  8 , throe  types  o~  RAMs  were  tested  -cr  coca ; aoss 
effects  of  ionizing  radiation.  T e zverage  charr e in  acces;  time  for 
each  device  was  neasu’ed  as  a function  of  tutal  dose.  Changes  on  the 
order  of  10  to  20  percent  were  ccsc-rved  in  the  access  times  as  cne 
devices  apcrodcneo  permanent  fa’ij'C-  The  devices  were  suo'.ectec  to 
comprehenci /e  functional  testing  a*  various  accumulated  ccses,  so  that 
the  results  of  t re  functional  tests  would  he  compared  with  the  changes 
in  the  access  times.  It  was  cor, e'rded  that  changes  in  rhe  access  hi  ne 
are  an  accurate  leading  indicator  rj  subsequent  sevice  failure  with 
additional  irradiation. 

Unfortunately  the  particular  -uncticmi  tests  ;sed  p-'o  not  intact 
any  soft  failures  prior  to  a pe-nanent  herd  failure,  so  the*’;  v-ec  -3 
opportunity  to  establish  a correlation  b etv/eer.  radiation- ''rcucea  so_'t 
failures  and  -adi a t i on - 1 nduced  changes  in  the  access  f imes.  'his 
correlation  would  have  to  be  estac'-'shed  before  ore  could  v'th  real 
confidence  substitute  dynamic  measurements  for  r*a  sophisticated  functional 
testing  required  to  ^e-ret  out  sc**'"  "eilures.  It  might.  therefore,  be 
suggested  that  seme  effort  be  axpc’i-.d  fn  establishing  cb's  correlation. 

The  main  barrier  to  dynamic  r.--  : r»g  *$  the  rest  c~  .he  test  equipment 
recti i red  tc  perform  the  measurer.e-’  - . The  ecu;  orient  must  provide 
exceptionally  good  dynamic  pulse  :T Ity,  irrch  procaol , requires  that 
the  signals  be  nan  died  in  a true  - sniss’CM  imis  an,  • »-qi”„ent-  In 
-eferer.ee  S it  is  stated  that  cor?,  -v  control  1 sc  tes  isrs  .-.at  have  tms 
capability  for  testing  LSI  device.  --e  a base  orice  . -./cess  cf 
5200,000.  (of  course  these  a-*e  rrv.'.-ite  testers  ha'i-u  e tensive  ~T 
parametric  and  functional  tasting  zcabil  ■* ties  as  well . I;  s Furth?r 
stated  that  many  manufacturers  cf  notional  test  ec  'o-vt  :laiic  a 
dynamic  testing  capability  in  their  equipment  on  the  :avs  t"  epuency 
and  timing  adjustments.  However,  r.  is  aquipnenf  of *er  :;as  not  have 
sufficient  pulse  f4  del  ity  to  ira/.e  h:  accurate  meat;  rener  t u.,.1ess  ma?  y 
functional  test  passes  are  made  wits  oryii.g  timing  str-.tes. 

Cone1 us  ions  and  Recommencaticns 


Permanent  Effects 


Radiation-inducea  function.:'  failure  is  usually  "Ot  rented,  or  is 
only  coincidentally  related  to  measurable  degradation  in  tne  CuC-'ert- 
vcltage  charactan sites  of  the  device  terminals.  It  -3  usually  tne 
result  of  damage  m the  internal  c’lcuitry.  Tie  only  parameters  that 
C3n  be  measured  from  the  device  terminals  anc  then  be  directly  ra'ctad 
to  the  condition  of  the  interna'  circuitry  are  :he  Drcpagation  ic. ays. 

Transient  Effect; 


It  may  not  be  necessary  to  -un  a comolete  series  of  trar.s  ent 
effects  tests  vor  e/ery  member  or  a specially  resigned  test  set.  In 
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fact,  a single  and  random  test  vector  may  be  as  effective  as  any  other 
logical  input  condition  for  determining  a failure  threshold.  Thus,  it 
might  be  sufficiently  accurate  to  design  a series  of  transient  effects 
tests  on  the  basis  of  the  expected  manifestation  of  an  internal  failure 
whose  manifestation  is  virtually  guaranteed,  rather  than  on  the  basis  of 
which  individual  gates  can  propagate  a transient  failure  under  what 
specific  input  conditions. 

LSI  Testing  in  General 

Functional  tests  to  detect  stuck-at  faults  are  probably  more 
conveniently  and  cheaply  designed  manually  than  with  the  aid  of  a 
computer. 

It  is  probably  true  that  for  any  given  RAM  there  exists  a functional 
test  that  will  indicate  a soft  failure.  As  a corollary,  it  can  be  said 
that  for  any  given  level  of  radiation  exposure  there  exists  a functional 
test  that  will  show  the  RAM  under  test  to  have  "failed".  The  question 
is  not  so  much  whether  a potential  soft  fault  exists,  but  how  many  of 
them  can  be  detected  using  what  set  of  functional  tests.  It  is  possible 
that  the  measurement  of  access  times  in  a RAM,  during  a functional  test 
designed  to  detect  only  hard  stuck-at  faults,  could  reveal  much  about 
the  existence  and  quantity  of  potential  soft  faults.  Unfortunately, 
there  does  not  seem  to  have  been  any  work  done  to  determine  a correlation, 
if  one  really  exists,  between  radiation-induced  changes  in  access  times 
and  radiation-induced  increases  in  the  number  of  soft  failures  that  can 
be  detected  using  a given  set  of  functional  tests. 
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ABSTRACT 


Human  factor  involvement  in  aircraft  mishaps  remains 
an  important  concern  to  the  Air  Force,  although  the  rate 
of  mishaps  per  100,000  flying  hours  is  currently  at  a 
historically  low  level.  Any  improvement  in  prevention  of 
human  involvement  in  these  mishaps  depends  on  isolating 
those  factors  which  occur  most  frequently  and  making 
recommendations  toward  reducing  their  rate  of  occurrence. 

In  this  study,  a variety  of  unsafe  acts  and  psycho- 
physiological  and  environmental  variables  were  studied  in 
relation  to  age,  model  hour,  and  total  flying  experience 
of  fighter  pilot-operators  involved  in  major/Class  A 
mishaps  over  a 6-year  period  (1972-77).  The  chi-square 
statistic  was  used  to  test  these  relationships. 

With  regard  to  age,  the  24  to  25  and  30  to  31  year-old 
groups  seem  to  have  a higher  frequency  of  occurrence  of 
stall,  spin,  spiral,  or  dive-related  unsafe  acts;  and  the 
disorientation/vertigo,  poor  crew  coordination,  misjudged 
speed  and  distance,  and  selected  wrong  course  of  action 
psychophysiological  variables.  Those  pilots  with  less  than 
500  flying  hours  in  a particular  model  also  appear  to  have 
the  highest  frequency  of  occurrence  of  the  psychophysio- 
logical variables  disorientation/vertigo,  failure  to  use 
accepted  procedures,  distraction,  selected  wrong  course  of 
action,  and  delay  in  taking  action.  An  important  con- 
clusion of  this  study  is  that  all  of  the  significant 
factors  are  amenable  to  prevention  through  improved  emer- 
gency procedure  training.  It  is  recommended  that  the  most 
practical,  safe,  and  economical  prevention  program  would 
include  the  increased  use  of  simulator-type  training  as  a 
supplement  to  in-flight  training. 
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INTRODUCTION 


Human  factor  involvement  in  aircraft  mishaps*  has  been 
of  concern  to  the  Air  Force  for  many  years.  However,  focused 
study  of  human  factors  related  to  Air  Force  mishaps  did  not 
blossom  until  approximately  15  years  ago.  Historically,  the 
Directorate  of  Flight  Safety  Research  was  established  in 
1943.  In  1950  this  service  was  moved  to  Norton  AFB , California, 
and  is  presently  known  as  the  Directorate  of  Aerospace  Safety 
(DAS),  Air  Force  Inspection  and  Safety  Center  (AFISC).  Accord- 
ing to  AFISC  Regulation  23-1,  15  June  1977  (Ref.  3),  part  of 
the  mission  of  DAS  is  to  conduct  safety  studies  and  analyses 
to  evaluate  mishap  prevention  programs,  and  to  develop  poli- 
cies and  procedures  to  assist  in  the  identification  and 
correction  of  safety-related  problems  in  all  Air  Force  func- 
tional areas.  Within  DAS,  part  of  the  mission  of  the  Life 
Sciences  Division  (LSD)  is  to  analyze  mishap  data  to  deter- 
mine methods  of  preventing  mishaps  caused  by  human  factors. 

The  efforts  of  the  LSD  in  this  area  have  produced  approxi- 
mately 140  studies  and  reports  on  the  aeromedical,  human 
factors,  and  bioenvironmental  aspects  of  the  Air  Force  Safety 
Program  since  1962. 

As  a research  laboratory,  the  DAS  is  unique  in  that  it 
is  the  sole  source  of  report  data  on  all  Air  Force  mishaps. 

The  original  input  data  are  the  individual  mishap  reports 
which  are  housed  in  the  Center.  In  addition,  these  reports 
are  analyzed  and  pertinent  data  abstracted  for  input  to  com- 
puter banks  and  later  retrieval.  The  output  information 
available  for  study  includes  the  individual  mishap  report , 
a computer-produced  individual  mishap  summary , and  statis- 
tical summaries  of  data  related  to  various  mishaps.  With  this 
background,  it  is  obvious  that  the  DAS  is  the  only  focal 
point  available  for  basic  research  in  human  factors  related 
to  aircraft  mishaps,  which  is  the  general  objective  of  this 
study . 

This  report  documents  efforts  to  determine  whether 
selected  human  factors  are  related  to  the  age  and  flying 
experience  of  pilots  involved  in  aircraft  accidents.  In 
order  to  provide  some  common  parameters,  the  study  was 
limited  to  the  pilot-operator  involvement  in  major/Class  A 
fighter  mishaps  during  the  1972-77  calendar  years.  Prior  to 


*The  terms  "mishap"  and  "accident"  are  used  interchangeably 
in  this  report.  They  mean  the  same  thing  but  "accident"  is 
used  in  some  references  cited.  The  current  official  Air 
Force  term  is  "mishap." 
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1977,  a major  accident  was  defined  as  one  in  which  an  air- 
craft was  destroyed  or  received  substantial  damage.  Begin- 
ning 1 January  1977,  mishap  classification  criteria  were 
changed  by  the  Department  of  Defense  (DOD).  Since  then,  a 
DOD  Class  A mishap  is  defined  as  one  in  which  the  resulting 
total  cost  of  property  damage,  injury,  and  illness  is 
$200,000  or  greater;  or  an  aircraft  is  destroyed;  or  a 
fatality  occurs.  For  the  calendar  year  1977,  the  Class  A 
mishaps  were  not  identical  in  type  with  the  major  mishaps 
of  previous  years.  However,  the  high  degree  of  overlap  in 
these  two  definitions  and  similarity  of  numbers  suggested 
that  the  1977  group  could  be  validly  included  in  this  study. 

OBJECTIVES 


The  general  objectives  of  this  study  were  to  determine 
if  any  relationships  existed  between  age  and  flying  experi- 
ence (taken  separately),  and  the  occurrence  of  selected 
unsafe  acts  and  psychophysiological  and  environmental  vari- 
ables in  fighter  aircraft  mishaps.  The  general  null  hypoth- 
esis is  that  these  variables  are  not  associated. 

The  background  for  selecting  these  variables  is  found 
in  several  previous  studies.  Zeller  and  Burke  (Ref.  5) 
examined  factors  in  jet  pilot  proficiency  and  arrived  at 
several  conclusions  related  to  age  and  flying  experience  in 
jet  aircraft.  In  their  study,  the  highest  mishap  potential 
in  jet  fighter  operations  was  experienced  by  pilots  under 
25  years  or  over  39  years  of  age,  with  those  over  40  having 
an  extremely  high  potential.  In  addition,  jet  fighter 
pilots  with  less  than  500  hours  of  total  jet  and  non-jet 
flying  experience  had  an  accident  potential  almost  twice  as 
high  as  those  with  more  experience.  Since  this  study  was 
conducted  during  the  early  jet  age  (pre  1959)  of  the  Air 
Force,  data  were  not  available  to  examine  flying  experience 
in  different  types  and  models  of  jet  aircraft.  Unfortunately, 
there  has  not  been  the  opportunity  to  update  and  replicate 
this  study. 

Another  related  study  by  Ricketson  et  al.  (Ref.  4)  was 
focused  on  the  analysis  of  pilot  error  accidents  and 
various  psychophysiological  and  environmental  factors  in 
U.S.  Army  aviation.  Army  field  accident  investigation  board 
reports  indicated  that  pilot  error,  alone  or  in  combination 
with  other  factors,  was  the  largest  cause  of  Army  aviation 
accidents.  Ricketson  et  al . used  the  approach  of  factor 
analyzing  91  dichotomous  psychophysiological  and  environ- 
mental variables  contained  in  an  accident  form  developed 
and  used  jointly  by  the  Army,  Navy,  and  Air  Force.  Their 
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purpose  was  to  extract  representative  clusters  (factors) 
that  would  approximate  clusters  of  "human  error  events," 
which  might  explain  malfunctions  of  the  man-machine  environ- 
ment system  that  result  in  aircraft  mishaps. 

Ricketson  et  al.  found  that  29  of  the  91  variables 
accounted  for  96  percent  of  the  1,520  helicopter  and  452 
airplane  pilot-error  accidents.  For  airplane  accidents, 
nine  factors  or  clusters  were  identified  as  follows: 


I. 

Disorientation 

II. 

Overconfidence 

Ill . 

Procedural  Decisions 

IV. 

Crew  Coordination 

V. 

Precise  Multiple  Control 

VI . 

Limited  Experience 

VII  . 

Task  Oversaturation 

VIII . 

Attention 

IX. 

Inadequate  Briefing 

Factor  IX  was  the  only  one  not  common  to  helicopter  acci- 
dents. For  helicopters,  this  factor  was  identified  as  "IX. 
Other  Weather." 

The  results  of  the  work  of  Ricketson  et  al.  and  Zeller 
and  Burke  suggested  that  it  might  be  useful  to  extend  and 
more  deeply  analyze  the  relationships  between  age,  flying 
experience,  and  psychophysiological  and  environmental  vari- 
ables. For  example,  a specific  question  which  arose  was 
do  the  clusters  found  by  Ricketson  et  al . also  appear  con- 
sistently in  Air  Force  mishaps?  Secondly,  how  do  Zeller  and 
Burke's  results  on  age  and  flying  experience  relate  to  these 
same  variables  and  clusters?  If  significant  relationships 
could  be  found  among  these  variables,  it  might  suggest  some 
recommendations  regarding  selection,  retention,  and/or 
changes  in  flight  training  procedures  for  aircraft  pilots. 

METHOD 

An  attempt  to  analyze  all  major/Class  A aircraft  mishaps 
over  a period  of  time  could  lead  to  confusion  or  masking  of 
significant  information  or  trends.  Different  types  of  air- 
craft (fighters,  bombers,  cargo,  etc.)  have  different  missions 
and  different  crew  functions.  In  order  to  keep  some  common- 
ality in  the  variables  analyzed,  the  sample  for  this  study 
was  limited  to  those  variables  associated  with  the  pilot- 
operator  only  of  fighter  aircraft  over  a 6-year  period.  The 
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time  period  chosen  was  calendar  years  1972-77.  The  data 
coding  system  for  aircraft  accident  and  incident  classifi- 
cation elements  and  factors  was  changed  beginning  in 
January  1972,  precluding  the  efficient  use  of  that  computer 
bank  information  for  prior  years.  The  independent  variables 
for  study  were  age,  model  hours,  and  total  flying  hours;  and 
the  dependent  variables  were  selected  unsafe  acts  and  psycho- 
physiological  and  environmental  factors.  Due  to  the  sus- 
pected non-parametric  occurrence  of  the  dependent  variables, 
the  tool  chosen  for  analysis  was  chi-square. 

Samples  and  Variables.  During  calendar  years  1972-77, 
there  were  333  major/Class  A mishaps  involving  fighter  air- 
craft. Three  models  of  fighter  aircraft  (F-5,  F-15,  and 
F-16)  were  at  very  low  inventory  level  during  this  period, 
and  the  14  mishaps  involving  those  aircraft  were  deleted  from 
the  study.  Of  the  remaining  319  mishaps,  nine  did  not  involve 
a pilot-operator  and/or  some  necessary  study  data  were  not  in 
the  computer  bank  or  individual  mishap  report.  The  resulting 
mishap  sample  was  310;  however,  16  of  these  were  mid-air 
collisions  involving  two  pilot-operators.  Thus,  the  total 
sample  of  pilot-operators  was  326.  Table  I lists  the  above 
information  by  fighter  type. 

Within  this  sample  of  326  pi lot-operatoi s , there  were 
170  individuals  who  were  determined  by  the  mishap  investiga- 
tion board  to  have  committed  a total  of  257  unsafe  acts. 

Table  II  lists  these  by  frequency  of  occurrence  within  the 
major  categories  defined  by  AFISC  Manual  127-1  (Ref.  1). 

Table  III  lists  descriptive  statistics  by  age  for  the  sample 
of  326  pilot-operators,  the  sub-sample  of  170  individuals 
committing  unsafe  acts,  the  total  unsafe  acts  (257)  committed 
by  that  sub-sample,  and  selected  unsafe  acts  distributed  by 
categories.  The  categories  selected  for  study  were  deter- 
mined by  the  following  criteria:  Only  those  unsafe  acts 
related  to  the  pilot-operator  (incorrect  operation  of  equip- 
ment, poor  technique  in-flight,  and  poor  technique  in  land- 
ing or  pattern)  were  selected.  Two  sub-categories  of  poor 
technique  in-flight  (collision  related,  air  or  ground;  and 
stall,  spin,  spiral,  or  dive)  also  occurred  with  sufficient 
frequency  to  permit  analysis.  Tables  IV  and  V list  the  same 
statistics  by  model  flying  hours  and  total  flying  hours, 
respectively . 

In  this  same  sample  of  326  pilot -operators , there  were 
138  individuals  who  were  determined  by  the  mishap  investiga- 
tion board  (specifically  the  flight  surgeon  and  life  support 
officer)  to  have  played  a primary  or  contributing  (definite, 
probable,  nr  possible)  role  in  causing  or  contributing  to  the 
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mishap  as  defined  by  AFISC  Manual  127-6  (Ref.  2).  Tables 
VI,  VII,  and  VIII  list  descriptive  statistics  by  age,  model 
hours,  and  total  flying  hours,  respectively,  for  the  sub- 
sample of  138  individuals.  They  also  list  psychophvsiological 
and  environmental  variables  related  to  those  pilot-operators 
which  were  found  to  be  of  definite  or  suspected  importance 
in  the  accident  phase  of  the  mishap.  The  psychophysiological 
and  environmental  variables  were  selected  for  study  based  on 
their  frequency  of  occurrence  and  relevance  as  determined  by 
the  factors  found  in  the  Ricketson  et  al.  study.  Thus, 
variables  disorientation/vertigo  (615)  and  visual  restric- 
tions— weather,  haze,  or  darkness  (710)  were  related  to 
Factor  I:  disorientation,  excessive  motivation  to  succeed 
(625)  and  overconfidence  (626)  were  related  to  Factor  II: 
overconfidence.  Failure  to  use  accepted  procedures  (304)  and 
inadvertent  operation,  self-induced  (814)  were  related  to 
Factor  III:  procedural  decisions.  Poor  crew  coordination 
(103)  and  inattention  (621)  were  related  to  Factor  IV:  crew 
coordination.  Inadequate  coordination  and  timing  (808)  and 
misjudged  speed  or  distance  (809)  were  related  to  Factor  V: 
precise  multiple  control.  Channelized  attention  (622)  and 
distraction  (623)  were  related  to  Factor  VIII:  attention. 
Finally,  selected  wrong  course  of  action  (810),  delay  in 
taking  action  (811),  and  violation  of  flight  discipline  (812) 
were  related  to  Factor  IX:  inadequate  briefing.  The  reader 
will  note  that  not  all  of  the  variables  used  by  Ricketson 
et  al.  were  included  in  this  study.  Of  their  29  variables, 

12  did  not  occur  with  sufficient  frequency  for  analysis  in 
fighter  pilot  mishaps.  In  addition,  two  of  the  variables 
related  to  their  Factor  VI : limited  experience  were  deleted 
because  of  their  self-evident  relationship  to  age  and  flying 
experience.  None  of  the  variables  in  their  Factor  VII:  task 
oversaturation  were  cited  with  high  enough  frequency  in 
fighter  pilots.  For  informational  purposes,  Table  IX  lists 
the  15  psychophysiological  and  environmental  variables  chosen 
by  the  above  criteria  and  shows  their  percentage  of  occur- 
rence in  the  Ricketson  et  al . Army  airplane  sample  and  the 
present  sample  of  fighter  mishaps.  No  precise  comparisons 
can  be  made  between  these  two  samples.  Where  major  difer- 
ences  occur,  they  are  very  possibly  due  to  the  different 
operational  characteristics  and  missions  of  the  two  samples 
of  aircraft. 

Statistical  Procedures.  The  first  step  in  the  statis- 
tical procedures  was  to  determine  whether  there  were  differ- 
ences in  age,  model  flying  hours,  and  total  flying  hours 
distributions  for  the  total  sample  of  fighter  pilot-operators 
and  those  committing  unsafe  acts.  A similar  procedure  was 
done  comparing  the  total  sample  with  those  pilot-operators 
who  caused  or  contributed  to  the  cause  of  the  mishap.  The 
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to  31  year-old  groups  seemed  to  have  the  highest  frequency 
of  occurrence  of  the  following: 

Stall,  spin,  spiral,  or  dive 
Disorient at ion /vertigo 
Poor  crew  coordination 
Misjudged  speed  or  distance 
Selected  wrong  course  of  action 

Why  the  ages  for  these  variables  should  be  dichotomized  in 
this  way  is  difficult  to  explain.  One  possible  rationale 
is  that  the  24  to  25  year  olds  were  new  to  the  aircraft  and 
might  be  expected  to  be  involved  in  these  acts  and  factors. 

The  30  to  31  year  olds  might  be  instructor  pilots,  aircraft 
commanders,  or  flight  leaders  whose  involvement  is  related 
to  their  in-flight  leadership  and  supervision  of  the  24  to 
25  year  olds. 

Secondly,  poor  technique  in  pattern  or  landing  and 
channelized  attention  appeared  to  remain  constant  or  increase 
from  ages  24  through  31,  and  then  drop  off  in  frequency.  No 
clear  explanation  for  this  association  is  apparent. 

Thirdly,  the  following  variables  appeared  to  have  the 
highest  frequency  of  occurrence  sometime  during  the  first 
500  model  hours  of  experience: 

Disorient at  ion /vertigo 

Failure  to  use  accepted  procedures 

Distraction 

Selected  wrong  course  of  action 
Delay  in  taking  necessary  action 

An  association  that  might  be  made  among  these  is  that  dis- 
orientation/vertigo and/or  distraction  resulted  in  occurrence 
of  one  or  several  of  the  other  three  variables,  and  that 
these  are  all  associated  with  limited  experience  in  a par- 
ticular model  of  fighter  or  in  performing  the  assigned  mission. 

RECOMMENDATIONS 

How  then  is  it  possible  to  assist  fighter  pilots  through 
the  24  to  31  year  old  and  first  500  model  hours  of  experience 
periods  when  they  appear  most  likely  to  contribute  to  mishaps? 
Improved  training  seems  a logical  answer,  but  the  type  of 
training  that  might  be  most  effective  is  not  so  clear.  Thus, 
only  general  recommendations  can  be  made  from  the  data  and 
conclusions  of  this  study. 
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Within  the  constraints  of  economy  and  available  air- 
craft, it  is  fairly  obvious  that  increased  supervised  flight 
training  would  result  in  decreased  accident  potential  for 
those  fighter  pilots  under  age  32  and  with  under  500  model 
hours  of  experience.  Particular  attention  should  be  paid  to 
recovery  procedures  from  stall,  spin,  spiral,  or  dive  situ- 
ations, and  to  improving  techniques  in  pattern  or  landing 
(especially  under  emergency  conditions).  The  general  theme 
of  decision-making  runs  through  the  most  frequently  occur- 
ring (see  Table  IX)  psychophysiological  factors  (selected 
wrong  course  of  action,  failure  to  use  accepted  procedures, 
delay  in  taking  necessary  action,  misjudged  speed  or  dis- 
tance). Improved  training  in  these  areas  appears  important. 

The  next  most  frequently  occurring  variables  (disorientation/ 
vertigo;  visual  restrictions — weather,  haze,  darkness;  and 
distraction)  suggest  that  there  is  a need  for  more  intensive 
training  in  responding  appropriately  under  these  non-typical 
conditions.  Finally,  improvements  in  crew  coordination 
training  in  two-place  fighters  also  appear  worthy  of  attention. 

One  could  make  the  assumption  that  training  is  generally 
a matter  of  developing  appropriate  responses  (or  habits)  and 
decision-making  skills  to  signal  or  set  off  these  responses. 
Some  of  this  training  must  occur  under  actual  real-life 
conditions.  For  pilot  training,  in-flight  training  appears 
to  be  an  effective  way  of  accomplishing  this  for  normal 
flying  procedures.  However,  it  is  not  practical  to  conduct 
in-flight  training  under  all  or  most  of  the  non-typical  or 
emergency  conditions  that  might  lead  to  a mishap.  Thus,  it 
would  seem  desirable  to  conduct  most  of  the  improved  training 
suggested  above  in  simulator/trainers.  There  are  several 
advantages  to  this  approach.  First,  the  pilot  could  be 
trained  to  react  to  a variety  of  emergency  conditions  without 
any  danger  to  personnel  or  aircraft.  Secondly,  the  pilot  may 
be  trained  in  emergency  decision-making  skills  under  very 
real  conditions,  with  the  opportunity  to  make  mistakes  and 
repeat  the  decision-making  process  until  it  is  done  correctly. 

The  major  thesis  of  the  above  recommendations  is  that, 
although  the  Air  Force  does  an  excellent  job  of  training 
fighter  pilots  for  normal  flying  procedures,  some  improved 
training  under  emergency  conditions  appears  warranted.  It 
has  been  suggested  that  increased  simulator  training  as  a 
supplement  to  in-flight  is  a most  effective,  safe,  and  econ- 
omical approach  to  this  problem. 
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TABLE  II 


FREQUENCY  OF  OCCURRENCE  OF  UNSAFE  ACTS  RI 
FIGHTER  PILOT-OPERATORS  BY  MAJOR  CATI 


Major  Categories  of  Unsafe  Acts 

01  - INADEQUATE  FLIGHT  PREPARATION 


02  - MISCELLANEOUS  UNSAFE  ACTS  CAUSING  INJURY  OR 

DAMAGE 

03  - MISTREATED  AIRFRAME 

04  - INCORRECT  OPERATION,  POWER  PLANT 

05  - INCORRECT  OPERATION,  LANDING  GEAR 

06  - INCORRECT  OPERATION,  FLIGHT  CONTROLS  OR  SPEED 

BRAKES 

07  - INCORRECT  OPERATION,  FUEL  SYSTEM 

08  - INCORRECT  OPERATION,  ELECTRICAL  SYSTEM 

09  - INCORRECT  OPERATION,  OTHER  EQUIPMENT 

10  - CONFUSED  TWO  CONTROLS 

11  - DEMONSTRATED  POOR  TECHNIQUE  IN  GROUND  AND 

TAKEOFF  OPERATION 

12  - DEMONSTRATED  POOR  TECHNIQUE  IN  FLIGHT 

(EXCLUDES  ACCIDENTS  IN  LANDING  PATTERN) 

16  - DEMONSTRATED  POOR  TECHNIQUE  IN  TRAFFIC 
PATTERN  AND  LANDINGS 


TOTAL  UNSAFE  ACTS 
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DISTRIBUTIONS  BY  MODEL  HOURS  OF  THE  TOTAL  SAMPLE, INDIVIDUALS  COMMITTING  UNSAFE  ACTS 
TOTAL  UNSAFE  ACTS,  AND  SELECTED  CATEGORIES  OF  UNSAFE  ACTS 
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TABLE  V 


* u 

O O 

3 00 

5-4  cr  e c 

O *H  H *H  vO 

O C OJ  TJ  H 

PU  J2  4J  c 

a -u  to 

a>  co  _j 

H PU 


00  v£> 


CM  ^ 

•HO  00 

a iH 

cn  cm 

HUH 
- cd  > i 
H M *H  CO 
iH  *H  Q rH 
CO.  CN 

U W rH 

C/3  ^ 


M 

C/3 

s 

H 

c * 

cn 

§ 

O 

O T3 

o 

o 

< 

•H  0) 

Jh 

T3 

iN 

CJ 

03  4-1 

o 

C 

rH 

W 

•h  cd 

3 

1 

«— I rH  M 0 rH 
rH  QJ  *H  M O 
O & < O CM 
U rH 


0)  4—) 

3 -C 
cr  oo 
M *H  *H 
O C H CN 
O 3 H 
PH  U C 
O W 
H 


vsO  m 

rH  CN 


■U  C -u 

a o c 

Q)  *H  QJ  O' 

u u B o 

H CT3  a I 

o u *h  <r 
0 0 3 0 

c a cr 


o 

rH  U-4  Cfl 
!D  CJ  AJ 

■U  03  O 

o c < 

H O 


rH  QJ  I O 

(3  H U tl 

h a o co 

O £ rH  5-4 
H CO  *H  0) 
c/3  pu  a 


ON  ON 

rH  CN 


o 

o 

O 

o 

o 

o 

O 

rH 

00  03 

O 

O 

o 

O 

o 

o 

o 

o 

C/3 

c 

3 

C M 

O 

o 

m 

o 

m 

o 

in 

o 

3 

4J 

•H  3 

m 

rH 

r^ 

CN 

CN 

CO 

m 

<r 

< 

C 

rH 

o 

^ 0 

1 

1 

1 

1 

1 

1 

1 

i 

+ 

H 

a 

-3 

H 

rH  33 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

rH 

r* 

O 

0 

fa 

o 

O 

o 

o 

o 

o 

o 

o 

H 

z 

m 

o 

m 

o 

m 

o 

m 

o 

rH 

rH 

CN 

CN 

m 

cn 

45-19 


TABLE  VI 


DISTRIBUTIONS  BY  AGE  OF  TOTAL  SAMPLE,  INDIVIDUALS  CONTRIBUTING  TO 
MISHAP  CAUSE,  AND  SELECTED  PSYCHOPHYSIOLOGICAL  AND  ENVIRONMENTAL  VARIABLES 


Total 


Indiv. 


Pilot- 

;e  Operators 

to  Mishap 
Cause 

103 

304 

615 

621 

622 

623 

625 

626 

710 

808 

809 

810 

811 

812 

<r 

f-H 

OO 

-25 

49 

23 

10 

11 

13 

5 

10 

9 

7 

5 

8 

4 

10 

14 

12 

8 

3 

.-27 

42 

19 

5 

8 

6 

2 

10 

5 

4 

1 

6 

2 

6 

8 

8 

2 

2 

1-29 

43 

17 

6 

6 

3 

2 

11 

7 

2 

1 

7 

1 

7 

5 

6 

6 

2 

1-31 

53 

27 

10 

17 

10 

4 

13 

5 

8 

4 

6 

6 

13 

19 

14 

7 

3 

:-33 

35 

12 

3 

3 

3 

1 

3 

4 

3 

5 

5 

2 

6 

5 

5 

3 

3 

-35 

32 

9 

4 

4 

4 

1 

4 

4 

4 

1 

5 

2 

3 

5 

5 

3 

1 

i-37 

18 

8 

0 

3 

1 

1 

2 

4 

0 

1 

4 

2 

1 

2 

2 

2 

3 

1-39 

15 

7 

1 

4 

2 

1 

4 

3 

1 

1 

2 

1 

2 

2 

3 

2 

2 

1-41 

17 

8 

0 

3 

1 

0 

4 

2 

0 

0 

1 

0 

1 

4 

3 

1 

0 

[+ 

22 

8 

_2 

_4 

_0 

_2 

_2 

_1 

_1 

_1 

_1 

_1 

_3 

_2 

_1 

TOTALS 

326 

138 

41 

63 

43 

19 

61 

45 

30 

20 

45 

21 

50 

67 

60 

35 

20 

Mean 

31.45 

31.19 

Median 

30.50 

30.24 

Key  to 

Psychophysiological  and 

Environmental  Variables 

103  - Poor  Crew  Coordination 

304  - Failed  to  Use  Accept.  Proced. 

615  - Disorientation/Vertigo 

621  - Inattention 

622  - Channelized  Attention 

623  - Distraction 

625  - Excess.  Motivation  to  Succeed 

626  - Overconfidence 


710  - Visual  Restrict. — Wx,  Haze,  Darkness 

808  - Inadeq.  Coord,  or  Timing 

809  - Misjudged  Speed  or  Distance 

810  - Select.  Wrong  Course  of  Action 

811  - Delay  in  Taking  Necessary  Action 

812  ~ Violation  of  Flight  Discipline 
814  - Inadvert.  Oper.,  Self-Induced 
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TABLE  VII 


DISTRIBUTIONS  BY  MODEL  HOURS  OF  TOTAL  SAMPLE,  INDIVIDUALS  CONTRIBUTING 
TO  MISHAP  CAUSE,  AND  SELECTED  PSYCHOPHYSIOLOGICAL  AND  ENVIRONMENTAL  VARIABLES 


Total 

Sample 

Indiv. 
Contrib . 

Psychophysiological  & 

Environmental  Variables* 

Model 

Hours 

Pilot- 

Operators 

to  Mishap 
Cause 

103 

304 

615 

621 

622 

623 

625 

626 

710 

808 

809 

810 

811 

812 

814 

1-100 

39 

21 

7 

13 

8 

3 

6 

7 

4 

2 

6 

2 

5 

12 

10 

2 

1 

101-200 

34 

14 

5 

8 

6 

3 

6 

6 

3 

3 

5 

3 

4 

7 

7 

7 

2 

201-300 

42 

17 

3 

5 

4 

1 

5 

6 

3 

1 

8 

0 

8 

6 

8 

2 

2 

301-400 

35 

19 

6 

12 

8 

2 

7 

7 

5 

4 

8 

6 

5 

12 

5 

3 

3 

401-500 

31 

17 

5 

6 

4 

2 

8 

7 

5 

4 

2 

1 

6 

9 

11 

5 

3 

501-600 

18 

8 

2 

2 

2 

0 

5 

2 

1 

0 

4 

0 

3 

1 

1 

1 

0 

601-700 

18 

7 

2 

3 

2 

0 

3 

3 

1 

0 

2 

1 

2 

4 

4 

2 

1 

701-800 

18 

8 

1 

2 

2 

1 

5 

2 

2 

3 

1 

2 

6 

5 

4 

4 

2 

801-900 

11 

2 

0 

1 

0 

0 

1 

1 

1 

0 

0 

0 

1 

1 

0 

0 

0 

901-1000 

15 

5 

2 

2 

1 

1 

4 

1 

1 

1 

2 

2 

3 

3 

3 

3 

2 

1001-1500 

38 

11 

6 

7 

3 

2 

7 

1 

3 

1 

4 

1 

4 

5 

4 

4 

1 

1501-2000 

16 

8 

2 

2 

2 

3 

3 

1 

1 

1 

2 

3 

3 

2 

2 

2 

2 

2001+ 

11 

1 

_0 

_0 

_1 

_1 

_1 

_1 

_0 

_0 

_1 

_0 

_0 

_0 

_1 

_0 

_i 

TOTALS 

326 

138 

41 

63 

43 

19 

61 

45 

30 

20 

45 

21 

50 

67 

60 

35 

20 

Mean 

630.36 

539.86 

Median 

441.90 

392.05 

* Key  to  Psychophysiological  and  Environmental  Variables: 


103  - Poor  Crew  Coordination 

304  - Failed  to  Use  Accept.  Proced. 

615  - Disorientation/Vertigo 

621  - Inattention 

622  - Channelized  Attention 

623  - Distraction 

625  - Excess.  Motivation  to  Succeed 

626  - Overconfidence 


710  - Visual  Restrict. — Wx,  Haze,  Darkness 

808  - Inadeq.  Coord,  or  Timing 

809  - Misjudged  Speed  or  Distance 

810  - Select.  Wrong  Course  of  Action 

811  - Delay  in  Taking  Necessary  Action 

812  - Violation  of  Flight  Discipline 
814  - Inadvert.  Oper.  , Self-Induced 


45-21 


TABLE  VIII 


DISTRIBUTIONS  BY  TOTAL  FLYING  HOURS  OF  TOTAL  SAMPLE,  INDIVIDUALS  CON- 
TRIBUTING TO  MISHAP  CAUSE,  AND  SELECTED  PSYCHOPHYSIOLOGICAL  AND  ENVIRONMENTAL  VARIABLES 


Total 

Total 

Sample 

Indiv. 
Contrib . 

Psychophysiological 

& 

Environmental  Variables* 

Flying 

Hours 

Pilot- 
Oper . 

to  Mishap 
Cause 

103 

304 

615 

621 

622 

623  625 

626 

710 

808 

809 

810 

811 

812 

814 

1-500 

45 

17 

6 

9 

6 

5 

5 

7 

6 

3 

5 

3 

5 

12 

10 

4 

3 

501-1000 

62 

33 

9 

14 

14 

4 

18 

10 

9 

5 

13 

6 

13 

16 

16 

10 

4 

1001-1500 

42 

15 

6 

9 

5 

2 

10 

6 

5 

2 

5 

3 

9 

9 

6 

4 

3 

1501-2000 

30 

18 

5 

9 

5 

1 

7 

6 

3 

4 

6 

1 

7 

9 

5 

5 

1 

2001-2500 

46 

18 

7 

8 

4 

4 

8 

2 

3 

2 

3 

2 

8 

9 

9 

4 

2 

2501-3000 

25 

7 

2 

1 

3 

1 

3 

2 

1 

1 

2 

0 

2 

5 

3 

2 

2 

3001-3500 

26 

10 

2 

4 

4 

0 

4 

5 

1 

0 

5 

3 

1 

3 

2 

2 

2 

3501-4000 

10 

5 

1 

2 

2 

1 

2 

3 

1 

2 

2 

1 

2 

0 

2 

i 

1 

4001+ 

40 

15 

_3 

_7 

JO 

_1 

_4 

_4 

_1 

_1 

_4 

_2 

_3 

_4 

_7 

_3 

_2 

TOTALS 

326 

138 

41 

63 

43 

19 

61 

45 

30 

20 

45 

21 

50 

67 

60 

35 

20 

Mean 

1978.53 

1862.32 

Median 

1777.77 

1575.75 

* Key  to  Psychophysiological  and  Environmental  Variables : 


103  - Poor  Crew  Coordination 

304  - Failed  to  Use  Accept.  Proced. 

615  - Disorientation/Vertigo 

621  - Inattention 

622  - Channelized  Attention 

623  - Distraction 

625  - Excess.  Motivation  to  Succeed 

626  - Overconfidence 


710  - Visual  Restrict. — Wx,  Haze,  Darkness 

808  - Inadeq.  Coord,  or  Timing 

809  - Misjudged  Speed  or  Distance 

810  - Select.  Wrong  Course  of  Action 

811  - Delay  in  Taking  Necessary  Action 

812  - Violation  of  Flight  Discipline 
814  - Inadvert.  Oper.,  Self-Induced 
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TABLE  IX 


PERCENTAGE  OF  OCCURRENCE  FOR  SELECTED  PSYCHOPHYSIOLOGICAL  AND 
ENVIRONMENTAL  VARIABLES  IN  ARMY  AIRPLANE  AND  AIR  FORCE  FIGHTER  MISHAPS 


Army  Factors  & Asso- 
ciated Psychophysiological 
and  Environmental  Variables 


Percentage  of  Occur. 
Army  Air  Force 

Airplanes  Fighters 


I.  Disorientation 

Disorientation/Veitigo  2 

Visual  Restrictions — Wx,  Haze,  Darkness  6 

II.  Overconfidence 

Excessive  Motivation  to  Succeed  3 

Overconfidence  13 

III.  Procedural  Decisions 

Failure  to  Use  Accepted  Procedures  52 

Inadvertent  Operation,  Self-Induced  21 

TV.  Crew  Coordination 

Poor  Crew  Coordination  11 

Inattention  19 

V.  Precise  Multiple  Control 

Inadequate  Coordination  or  Timing  23 

Misjudged  Speed  or  Distance  31 


VI.  Limited  Experience  (not  used  in  this  study) 

VII.  Task  Oversaturation  (occurred  too  infrequently  for 
analysis) 

VIII.  Attention 


Channelized  Attention  7 

Distraction  7 

IX.  Inadequate  Briefing 

Selected  Wrong  Course  of  Action  46 

Delay  in  Taking  Necessary  Action  44 

Violation  of  Flight  Discipline  10 


13 

14 


9 

6 


19 

6 


13 

6 


6 

15 


8 

14 


21 

18 

11 


TABLE  X 


CHI-SQUARE  SIGNIFICANCE  LEVELS 
FOR  COMPARISONS  BY  AGE,  MODEL  HOURS,  AND  TOTAL  FLYING  HOURS 
BETWEEN  THE  TOTAL  SAMPLE  (N=326)  OF  PILOT-OPERATORS 
VERSUS  THE  UNSAFE  ACTS  SUB-SAMPLE  (N=L78)  AND  THE 
CONTRIBUTING  SUB-SAMPLE  (N=138) 


Total  Versus 

Total  Versus 

Unsafe  Acts 

Contributing 

Age 

.05 

* 

Model  Hours 

* 

.10 

Total  Flying  Hours 

.10 

* 

*Not  Significant 


TABLE  XI 

CHI-SQUARE  SIGNIFICANCE  LEVELS  FOR  COMPARISONS  BY 
AGE,  MODEL  HOURS,  AND  TOTAL  FLYING  HOURS  FOR  DISTRIBUTIONS 
OF  TOTAL  UNSAFE  ACTS  VERSUS  SELECTED  CATEGORIES  OF  UNSAFE  ACTS 


Age 

Model 

Hours 

Total 

Flying  Hours 

Incorrect  Operation  of  Equipment 

* 

* 

5*C 

Poor  Technique  In-Flight 

* 

* 

* 

Collision  Related,  Air  or  Ground 

* 

.10 

: k 

Stall,  Spin,  Spiral,  or  Dive 

.10 

* 

.005 

Poor  Technique,  Pattern  or 

Landing 

.10 

* 

* 

*Not  Significant 
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103 

304 

615 

621 

622 

623 

625 

626 
710 

808 

800 

810 

811 

812 

814 


TABLE  XII 


CHI-SQUARE  SIGNIFICANCE  LEVELS  FOR  COMPARISONS  BY  AGE,  MODEL  HOURS, 

AND  TOTAL  FLYING  HOURS  FOR  DISTRIBUTIONS  OF  THE  TOTAL  SAMPLE 

VERSUS  PSYCHOPHYSIOLOGICAL  AND  ENVIRONMENTAL  VARIABLES 

Model 

Hours 

Total 

Flying 

Hours 

- 

Poor  Crew  Coordination 

.05 

* 

k 

- 

Failure  to  Use  Accepted  Procedures 

k 

.05 

k 

- 

Disorientation/Vertigo 

.05 

.10 

k 

- 

Inattention 

* 

* 

k 

- 

Channelized  Attention 

.10 

* 

k 

- 

Distraction 

* 

.05 

k 

- 

Excessive  Motivation  to  Succeed 

k 

* 

.05 

- 

Overconfidence 

k 

* 

k 

- 

Visual  Restrictions — Weather,  Haze, 

Darkness 

k 

* 

k 

- 

Inadequate  Coordination  or  Timing 

k 

* 

k 

- 

Misjudged  Speed  or  Distance 

.05 

* 

k 

- 

Selected  Wrong  Course  of  Action 

.10 

.01 

k 

- 

Delay  in  Taking  Necessary  Action 

* 

.10 

k 

- 

Violation  of  Flight  Discipline 

* 

* 

k 

- 

Inadvertent  Operation,  Self-Induced 

* 

* 

k 

*Not  Significant 
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APPENDIX 


Listing  of  1975  Research  Reports A-2 

Listing  of  1976  Research  Reports A-4 

Listing  of  1977  Research  Reports A-6 


A-l 


RESEARCH  REPORTS 

1975  USAF/ASEE  SUMMER  FACULTY  RESEARCH  PROGRAM 


Report  No. 

Title 

Research  Associate 

1 

Design  of  a Subsonic  Combustion  Tunnel 
and  Expermental  Test  Program 

Dr.  L.  I.  Soehman  . . . 

39 

2 

The  Effect  of  Cobalt  Hydroxide  Copre- 
cipitation in  Nickel  Hydroxide 

Electrodes 

Dr.  J.  T.  Maloy  . . . 

AO 

3 

Overload  Protection  and  Filtering 
Requirements  for  Phase  Control  Voltage 
Regulators 

Dr.  Thomas  A-  Stuart . • 

41 

4 

A Study  on  Numerical  Methods  for 

Computing  Transonic  Flows  in  Turbomachines 

Dr.  Shu-Yi  S.  Wang  • • 

42 

5 

An  Analysis  of  Varying  Material  Proper- 
ties: A Measure  of  Damage 

Or.  Donald  C.  Stouffer. 

43 

6 

Continuous  Performance  Measurement  of 
Manually  Controlled  Systems 

Dr.  Richard  A.  Miller  • 

44 

7 

Digital  Autopilot  Design 

Dr.  J.  F.  Delansky  • • 

‘45 

8 

Transient  Thermal  Analysis  of  External 
Stores 

Dr.  Dupree  Maples  • • 

46 

9 

Analysis  of  Missle  Control  Systems 

Dr.  Michael  E.  Warren  ' 

47 

10 

Olgital  Autopilot  Design 

Dr.  J.  N.  Youngblood  . 

48 

11 

Ohmic  Contacts  for  Transferred  Electron 
Devices 

Dr.  Bruce  P.  Johnson  • 

49 

12 

A Navigation  Algorithm  for  the  Low-Cost 

GPS  Receiver 

Dr.  Philip  S.  Noe  • • ■ 

50 

13 

Electro-Optical  Tracker  Analysis 

Dr.  Jerry  W.  Rogers  • • 

51 

14 

A Real  Time  Terminal  Guidance  Simula- 
tion Facility 

Dr.  Richard  J.  Wolf  • • 

52 

A- 2 


V 


1975  RESEARCH  REPORTS  (continued) 


Reoo rt  No. 

Title 

Research  Associate 

15 

Fatigue  Crack  Propagation  in  Laminated 
and  Monolithic  Aluminum  Alloy  Panels 

Dr.  J.  A.  Allc  

. 53 

16 

RPV  Ground  Impact  Attenuator  Simulation 

Dr.  Charles  E.  Nuckolls 

. 54 

17 

A Method  for  Investigating  the  Angular 
Vibration  Response  of  a Structure 

Dr.  Philip  C.  Rymers  • • 

. 55 

18 

Analysis  of  Inherent  Errors  in  Asynchro- 
nous Redundant  Digital  Flight  Controls 

Dr.  Charles  Slivinsky  • 

. 56 

19 

Pattern  Recognition  Techniques  Applied 
to  Flat-Bottom  Holes 

Dr.  J.  Kent  Bryan.  . . . 

. 57 

20 

Ultrasonic  Techniques  for  Nondestructive 
Evaluation  (NDE) 

Dr.  M.  Paul  Hagelberg.  . 

. 58 

21 

Fracture  of  Graphite/Epoxy  Composites 

Dr.  Don  H.  Morris  • • • 

. 59 

22 

Optical  Properties  of  Europium-Doped 
Pottasium  Chloride  Laser  Window 

Materials 

Dr.  Thomas  G.  Stoebe  • • 

. 60 

RESEARCH  REPORTS 


1976  USAF/ASEE  SUMMER  FACULTY  RESEARCH  PROGRAM 


Report  No. 
1 

2 

3 

4 

5 


6 


7 

8 


9 

10 


11 

12 

13 

14 


15 

16 


Title 


A Near  Field  Model  for  Dissolved  Oxygen 
and  Otner  Water  Quality  Parameters 

Ecological  Considerations  for  Development 
of  a Water  Quality  Assessment  Model 

Dynamic  Responses  of  Aircraft  Shelters 


Research  Associates 
Dr.  Barry  A.  3eneaict 

Dr.  Lloyd  C.  Fitzpatrick 

Dr.  Fang-Hui-Chou 


A Sensitivity  Study  of  Noi semap  Power 
Offset  Profiles  (DSELs) 

Determination  of  Unloaded  and.  Loaded 
Pavement  Profiles  Used  for  Prediction  of 
Dynamic  Response  of  Aircraft 

Wind  Tunnel  Experiment  Program  for 
Aerodynamics  of  Missiles  at  High  Angle 
of  Attack 

Analysis  of  Millimeter  Wave  Signatures 
of  Snow  and  Ice 

Configuration  Specifications  for  a 
Digital  Guided  Weapon  Flight  Control 
Modu  1 e 


Dr.  D»  K.  Holger 
Dr.  William  H.  Highter 

Or.  William  L.  Oberkampf 

Or.  Irene  K.  Petror'f 
Dr.  C.  W.  Caldwell 


Sensor  and  Navigation  System  Processing 
Requirements  for  Digital  Guided  Missiles 

Interpretation  of  Laser  Velocimeter 
Measurements  in  Transonic  Turbulent 
Boundary  Layers 

Methods  to  Quantify  Constituents  in 
Binary  Component  Cryodeposits 

Engine  Test  Cell  Acoustics 

High  Angle  of  Attack  Support  Interference 

Development  of  a Nested  Virtual  Machine, 
Data-SCructure  Oriented  Software  Design 
Methodology  and  Procedure  for  its  Evaluation 


Dr.  Robert  A.  Higgins 
Dr.  William  G.  Tiederman 

Dr.  Kent  F.  Palmer 

Dr.  G.  T.  Patterson 
Dr.  Robert  C.  Nelson 
Dr.  M.  M.  Orossinan 


Real-World  Limitations  of  Radar  Signatures  Dr.  Robert  D.  Strattan 
for  Target  Identification 


Confidence  Intervals  for  Life  Cycle  Dr.  H.  A.  Wiebe 

Cost  Analysis 
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1976  RESEARCH  REPORTS  (continued) 


Report  No. 

17 

18 


19 

20 

21 

22 

23 


24 


Title 


Computer  Aided  Decision  of  Special 
Monopole  and  Dipole  Antennas 

Satellite  Based  Remote  Probing  of 
Atmospheric  Visibility:  A Bibliography 
of  Relevant  Literature 

Analysis  of  Spectroscopic  Data  for  Trace 
Gases  in  the  Earth's  Atmosphere 

Potential  Technology  Breakthroughs  in 
Next  Generation  Radars 

Pilot  Transfer  Function  Identification 

Modeling  of  Eye  Level  Blood  Pressure  and 
Flow  as  a Function  of  Gz 

Effect  of  Radiofrequency  Radiation  (RFR) 
on  Performance  and  Retention  of  a Delayed 
Response  Task 

Time-Resolved  Fluorescence  of  the  a^II0+ 
State  of  BrCL 


25  Dynamic  Response  of  an  Aboveground  Arch 
Subjected  to  a Blast  Load 

26  Optical  Fiber  Explosion-Initiation  System 

27  Density  and  Temperature  Dependence  Studies 
of  the  Thallium  Mercury  Excimer  System 

28  Signal  Processing  for  Optics  Progress  as 
of  July  1,  1976 

29  Syntheses  and  Decomposition  Mechanisms  of 
New  Ni trod iphatic  and  Polycyclic  Triazoline 
Compounds 

30  Electrode  Erosion  in  Pulsed  Plasma  Thrusters 


31  Preparation  of  Solid  Propellant  Burning 
Rate  Modifiers 

32  Electrochemical  Studies  in  Anhydrous 
Liquid  Hydrazine 

33  The  Transfer  Effectiveness  of  Platform 
Motion  and  Field  of  View  in  Training 
Selected  UPT  Maneuvers 
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Research  Associates 
Dr.  Shreedhar  G.  Lele 

Dr.  George  C.  Sherman 

Dr.  Louise  Gray  Young 

Dr.  John  Spragins 

Dr.  Bruce  K.  Colburn 
Dr.  James  J.  Freeman 

Dr.  Carole  D.  Hansult 

Dr.  John  J.  Wright 

Dr.  David  Y.  L.  Wang 

Dr.  Donald  A.  Smith 
Dr.  P.  W.  Chan 

Dr.  Craig  S.  Sims 

Dr.  William  D.  Closson 

Dr.  D.  D.  Chesak 
Dr.  Amos  J.  Leffler 

Dr.  John  R.  Dodd 

Dr.  Edward  D.  McDowell 


RESEARCH  REPORTS 


1977  USAF/ASEE  SUMMER  FACULTY  RESEARCH  PROGRAM 

VOLUME  I 


Report  No. 

Title 

Research  Associates 

1 

Livability  as  Applied  to  Air  Force  8ases 

Dr. 

Harry  H.  Caldwell 

2 

Nondestructive  Pavement  Evaluations 

Dr. 

Braja  Mohan  Das 

3 

Effect  of  Cooling  Water  Spray  on  Turbine 
Engine  Test  Cell  Emissions 

Dr. 

Charles  Springer 

4 

A Study  of  Reliability  of  Oeep  Well 

Anodes  for  Cathodic  Protection 

Dr. 

John  A.  Stevens 

5 

Tactical  Shelter  Hardening 

Dr. 

Alvin  M.  Strauss 

6 

The  Status  of  Bishop  Pine  on  Vandenberg 

Air  Force  Base  and  Recomnendations  for 

Its  Management 

Dr. 

Paul  H.  Zedler 

7 

Nonlinear  Guidance  for  Air-to-Air  Missiles 

Dr. 

J.  Frederick  Andrus 

8 

Spread  Spectrum  ECCM  Performance  CW 

Jamming  Signal  Reduction  in  Spread 

Spectrum  Receivers 

Dr. 

Maurice  J.  Bouvier,  Jr 

9 

An  Analysis  of  Aerodynamic  Force  and 

Moment  Models  for  Asynmetrlc  Munitions 

Dr. 

Robert  W.  Courter 

10 

Reducing  the  Vok.,ie  of  Computation  in 

Monte  Carlo  Missile  Flight  Simulation 

Dr. 

Carl  G.  Looney 

n 

Flush  Mounted  Aircraft  Antennas  for 
Satellite  Conmuni cation.  A Study 
of  Multipath  Performance 

Or. 

Vaughn  P.  Cable 

12 

A Multimode  Fiber-Optic  Coupler  with 

Low  Insertion  Loss 

Dr. 

Marvin  M.  Drake 

13 

Analysis  of  a Discrepancy  in  Trapped 

Proton  Fluxes  in  the  South  Atlantic 

Anomaly 

Dr. 

Thomas  E.  Morgan 

14 

A Study  of  the  Particle  Spectrum  of  the 
Continuous  Aurora  and  Associated  E-Region 
Ionization  8efore  and  After  a Magnetic 

Storm 

Dr. 

James  R.  Sharper 

A-6 


RESEARCH  REPORTS  (Continued) 


^ 


Report  No.  Title  Research  Associates 


15 

Directionally  Solidified  Eutectic 

Materials  for  Electronic,  Magnetic, 
and  Optical  Applications 

Dr. 

Richard  D.  Sisson,  Jr. 

16 

Synthesis  and  Characterization  of  Novel 
Nitroaliphatic  Materials 

Dr. 

Melvin  L.  Druelinger 

17 

Optimal  Weapon  Assignment  in  a Tiered 
Almpoint  System 

Dr. 

Jerren  Gould 

18 

Electrochemical  and  Luminescence  Studies 
with  Special  Emphasis  on  Molten  Salt  Media 

Dr. 

Csaba  P.  Keszthelyi 

19 

Test  of  Two  Hypotheses  Concerning  the 
Optical  Properties  of  Cryodeposited  Gases 

Dr. 

William  B.  Newbolt 

20 

Rocket  Exhaust  Gas  Dynamics 

Dr. 

Peter  C.  Sukanek 

21 

Simulation  of  Turbulent  Flow  Velocity 

Dr. 

John  W.  Weatherly,  III 

VOLUME  II 

22 

Nitronium  Salt  Synthesis 

Dr. 

Alton  J.  8anks 

23 

Synthesis  of  Fluorodlnitroethylnitramines 

Dr. 

Catherine  H.  Banks 

24 

Subnricron  Particle  Size  Measurements 
in  Acetylene-Oxygen  and  Aluminum- 
Oxygen  Flames 

Dr. 

James  F.  Driscoll 

25 

Solid  Teflon  Propulsion  Contamination 
Investigation 

Dr. 

James  K.  Hartman 

26 

Infrared,  Raman,  Mass  Spectroscopy 
and  Gas  Chromatography  of  Selected 
Fluorodinitro  Plasticizers 

Dr. 

Steven  Riethmiller 

27 

Rotational  and  Mean  Flow  Effects  on 

Motor  Stability 

Or. 

Vtn.  K.  Van  Moorhem 

28 

Investigation  of  Raman  Microwave 

Emission  from  Plasmas 

Dr. 

Tse-Wen  Hsu 

29 

Automatic  Speech  Processing-Speech 
Enhancement 

Cr. 

Russell  J.  Niederjohn 

30 

Design  of  System  Diagnostic  and  Fault 
Isolation  Procedures 

Or. 

Theodore  J.  Sheskin 
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RESEARCH  REPORTS  (Continued) 


Report  No.  Title  Research  Associates 


31 

Maximum  Entrophy  Spectral  Demodulator 
Investigation 

Or. 

Robert  G.  Van  Meter 

32 

Software  Design  Validation  and 

Artificial  Intelligence 

Dr. 

Ralph  M.  Weischedel 

33 

Engineering  Analysis  of  the  Dynamics 
and  Control  of  the  Human  Centrifuge 

Dr. 

Thomas  J.  Jones 

34 

Investigation  of  Ultrashort  1060  NM  Laser 
Pulse  Induced  Intensity  Dependent  Damage 
Processes  and  Development  of  an  On-Line 
Pulse  Width  Measuring  Technique 

Dr. 

Demetrius  D.  Venable 

35 

Application  of  a Specialized  Statistical 
Computer  Program,  Alphaf,  To  a Visual 

Evoked  Response  Data  Analysis  System 

Dr. 

James  M.  Verlander 

36 

Fixed  Capacity  Measurement  of  Attentional 
Load  Using  Dual -Task  Performance  Operating 
Curves 

Dr. 

Herbert  A.  Colle 

37 

Simulator  for  Air-to-Air  Combat  Platform 
Motion  System  Investigation 

Or. 

John  A.  Seevers 

38 

The  Radiative  Lifetime  and  Quenching 

Cross  Sections  of  the  A2 2 State  of  GeF 

Dr. 

Richard  A.  Anderson 

39 

Transient  Fields  From  a Vertically 
Polarized  Dipole  Radiator  With  a Ran.,  * 
Function  Input  Voltage 

Dr. 

Martin  D.  Bradshaw 

40 

Liquefaction  Potential  of  Soils  Under 

Blast  Loads 

Dr. 

Wayne  A.  Charlie 

41 

Double  Resonance  Apparatus  for 

Relaxation  Studies  of  HF  in  High 

Vibrational  States 

Dr. 

Richard  L.  Redington 

42 

Electron- Ion  Recombination  in  Laser 

Gas  Ml  xes 

Or. 

Harold  D.  Southward 

43 

The  Nature  and  Prediction  of  Secondary 

Dr. 

Stephen  G.  Wells 

Calcium  Carbonate  Cementation  (Caliche) 
In  Alluvial  Basins  of  the  Southwestern 
United  States 


1 


A-3 


